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Abstract 

 

Magnetless Circulators Based on Linear Time-Varying Circuits 

 

Ahmed Kord, Ph.D. 

The University of Texas at Austin, 2019 

 

Supervisor:  Andrea Alù 

 

In a crowded electromagnetic spectrum with an ever‐increasing demand for higher 

data rates to enable multimedia‐rich applications and services, an efficient use of the 

available wireless resources becomes crucial. For this reason, full‐duplex communication, 

which doubles the transmission rate over a certain bandwidth compared to currently 

deployed half-duplex radios by operating the uplink and the downlink simultaneously on 

the same frequency, has been brought back into the spotlight after decades of being 

presumed impractical. This long‐held assumption has been particularly due to the lack of 

high performance low-cost and small-size circulators that could mitigate the strong self-

interference at the RF frontend interface of full-duplex transceivers while, at the same time, 

permitting low-loss bi-directional communication using a single antenna. Traditionally, 

such non-reciprocal components were almost exclusively based on magnetic biasing of 

rare-earth ferrite materials, which results in bulky and expensive devices that are not 

suitable for the vast majority of commercial systems. Despite significant research efforts 

over the past few decades, none of the previous works managed to eliminate the magnet 

while satisfying all the challenging requirements dictated by the standards of real systems. 

In this dissertation, we introduce several newly invented magnetless circulators based on 
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linear time-varying circuits that can overcome for the first time the limitations of all 

previous approaches. We analyze the presented circuits rigorously and validate them 

through simulations and measurements, showing unprecedented performance in all 

relevant metrics, thus holding the promise to enable full-duplex radios in the near future. 
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Chapter 1: Introduction 

Truth that has been merely learned is like an artificial limb, a false tooth, a waxen 

nose; at best, like a nose made out of another's flesh; it adheres to us only because 

it is put on. But truth acquired by thinking of our own is like a natural limb; it alone 

really belongs to us. This is the fundamental difference between the thinker and the 

mere man of learning. The intellectual attainments of a man who thinks for himself 

resemble a fine painting, where the light and shade are correct, the tone sustained, 

the color perfectly harmonized; it is true to life. On the other hand, the intellectual 

attainments of the mere man of learning are like a large palette, full of all sorts of 

colors, which at most are systematically arranged, but devoid of harmony, 

connection and meaning. 

Arthur Schopenhauer 

1.1 FULL-DUPLEX COMMUNICATION 

Modern communication networks are targeting tremendous increases in data rates 

to satisfy an ever-growing demand for faster and more efficient connectivity. Nevertheless, 

traditional sub 6 GHz bands of today’s systems have become crowded with plenty of indoor 

and outdoor services, thus making it difficult to satisfy the new throughput requirements. 

To overcome this problem, the consensus over the past few years has been to shift to higher 

frequencies, where wideband unlicensed spectrum is still available. However, 

electromagnetic (EM) waves at such frequencies are less capable of penetrating 

obstructions, thus reducing the area covered by each base station, complicating the tracking 

of fast-moving objects, and other challenges [1]-[2]. While many of these issues have 

already been addressed over the past decade thanks to numerous developments by both the 

academic and industrial communities, the cost of deploying and maintaining the operation 

of such high-frequency systems remains very high compared to that of the current wireless 

infrastructure. Furthermore, all these systems are exclusively half-duplex, employing either 

frequency or time division diplexing to achieve bi-directional communication, therefore 
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limiting the maximum transmission rate to only half of the network capacity. To overcome 

these problems, full-duplex communication has been being investigated recently [3]-[11]. 

In such a system, both the transmitter (TX) and the receiver (RX) operate simultaneously 

on the same frequency (see Fig. 1(a)), which, in principle, doubles the spectral efficiency, 

or equivalently, reduces the operational cost by halving the required resources. 

Furthermore, full-duplex radios would provide a solution to many problems at the network 

layer level such as hidden terminals, high end-to-end latency, fairness and congestion. The 

key challenge in full-duplexing, however, is to maintain sufficient isolation between the 

TX and the RX nodes of each transceiver in order to prohibit the strong TX signal from 

leaking into the RX path thus reducing the overall signal-to-noise ratio (SNR), and 

consequently, the throughput. More importantly, if such leakage is not sufficiently 

suppressed as early as possible in the RF chain, i.e., close to the antenna interface, it may 

saturate the RX frontend modules thus blocking the detection of any RX signal altogether.  

Such TX-to-RX isolation, commonly referred to in the literature as self-interference 

cancellation (SIC), is very difficult to achieve under the requirements dictated by 

commercial standards. For example, WiFi signals are transmitted at +20 dBm average 

power and the noise floor is around –90 dBm, hence SIC is required to be as high as 110 

dB. For many years, attaining this level of SIC was impossible, hence full-duplex radios 

were presumed irrelevant in practice. Recently, several works challenged this long-held 

assumption and demonstrated that full-duplexing can, in fact, be achieved by using a 

combination of radio-frequency (RF) [5]-[7], mixed-signal [8]-[9], and digital techniques 

[10]-[11], while co-ordinating the cancellation in all these domains. The basic idea in both 

digital and mixed-signal approaches is to subtract the “known” TX signal from the RX 

node. But since the strength contrast between these two signals can in general be billions 

or trillions of magnitude, the subtraction must be performed extremely accurately, 
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otherwise it may end up adding more self-interference instead of reducing it. More 

importantly, it is actually the baseband TX signal that is already known, but once it is up-

converted to the carrier frequency and gone through the noisy non-linear RF chain, it 

undergoes frequency, phase, and amplitude distortions, which makes the estimation of its 

echo into the receiver even harder. Because of these issues, RF cancellation right at the 

antenna interface is absolutely necessary, leveraging digital and mixed-signal techniques 

as complementary approaches to eliminate any residual interference and to maintain the 

total required SIC. 

RF cancellation can be classified into three categories: (i) antenna cancellation [10]-

[11], (ii) electrical-balance duplexers [12]-[13], and (iii) circulators [14]-[60]. Antenna 

cancellation requires at least two antennas and is sensitive to their placement, thus making 

full-duplex less attractive compared to conventional MIMO systems, which can also 

double the throughput using multiple antennas but with less complexity. Electrical-balance 

duplexers (EBDs), on the other hand, are theoretically limited to 3 dB insertion loss (>4 

dB in practice), i.e., half of the signal power is wasted twice, once in transmission and 

another in reception, hence the communication link incurs an aggregated loss of at least 6 

dB, solely because of the EBDs. Obviously, this nullifies the main argument of full-

duplexing and makes it not worthy finding solutions to all other accompanied hurdles. 

Quite interestingly, all these problems can be overcome by using a circulator, a three-port 

non-reciprocal component which routes the signal from one port to another in a cyclic-

rotating fashion. Not only this allows the TX and RX nodes of each transceiver to share a 

single antenna as shown in Fig. 1(b), but the incremental insertion loss can also approach 

zero. Therefore, circulators are ideal elements to maintain the first 20~30 dB of the total 

required SIC in a full-duplex system which significantly relaxes the design of the following 

layers of isolation based on mixed-signal or digital techniques. The challenge in this case, 
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however, is that circulation is essentially a non-reciprocal phenomenon which requires 

breaking time-reversal symmetry, a task that is not easy to accompolish efficiently, as we 

explain in the next section. 

1.2 NON-RECIPROCITY 

Time-reversal symmetry is a fundamental property of many physical and 

engineering systems, which implies that the laws governing such systems are invariant if 

the evolution of time is reversed. Breaking this symmetry is essential to realize non-

reciprocal components such as circulators. In general, this can be achieved by using: (i) 

magnetic-biased gyrotropic materials [14]-[19], (ii) active devices [20]-[24], (iii) non-

linear elements [25]-[27], or (iv) time-varying circuits [28]-[60]. For decades, magnetic 

biasing of rare-earth ferrite cavities was the only successful approach that led to high-

performance non-reciprocal components, but they were also bulky and expensive, thus 

limited in use to a handful of military applications. To increase their ubiquity, magnetless 

implementations based on active or non-linear devices have been pursued, but despite 

significant research over many years, they continued to suffer from a fundamentally poor 

noise figure, limited power handling and small dynamic range, thus limiting their potential 

applications even more severly than magnetic-biased components. 

Recently, it was shown that linear periodically time-varying (LPTV) circuits can 

overcome all these limitations and achieve high-performance non-reciprocity at low-cost 

and small-size, simultaneously [28]-[60]. In this regard, [28] presented the idea of 

parametrically modulating a transmission line (TL) by loading it with varactors and 

injecting a modulation signal at one port. Such a line allows signal propagation in one 

direction (the direction opposite to propagation of the modulation signal) as a conventional 

TL, while in the opposite direction it mixes the injected modulation with the RF signal, 
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upconverting the latter to a different frequency. Such an approach necessitates the TL 

length to be larger than the wavelength and, more importantly, it requires the use of a 

diplexer to isolate the two counter-propagating RF signals in the frequency spectrum, thus 

making it not suitable for integration and less attractive when compared to high 

performance magnetic-biased circulators. 

Ref. [29] relied on staggered commutation of N-path filters to realize a highly 

miniaturized gyrator, which when embedded in a loop of reciprocal phase shifters yields 

the operation of a circulator. This was the first CMOS demonstration of this concept and it 

was followed by other contributions enhancing the performance of many metrics [30]-[32]. 

Specifically, [31] proposed a gyrator based on modulating the conductivity of a 

transmission line, thus leading to a circulator with much wider isolation bandwidth and 

allowing to reduce the modulation frequency to one-third of the fundamental harmonic. A 

state-of-the-art implementation of this concept was presented in [32]. Similarly, [33] 

presented an ultra-wideband circulator operating from 200 KHz to 200 MHz using 

sequentially switched co-axial cables. A miniaturized implementation of the same concept 

was presented in [34] using a 0.2 μm GaN HEMT technology. One major challenge with 

[29]-[34], however, is the inherent asymmetry of the structures therein, which increases 

their sensitivity to inevitable random variations in practical systems. For instance, clock 

jitter and synchronization errors produced by an actual phase-locked loop (PLL) circuitry 

can degrade the overall isolation and the receive path noise figure compared to their values 

under ideal conditions. A digitally modulated RF signal with a finite bandwidth and a high 

peak-to-average power can cause similar problems, especially when both the transmit (TX) 

and the receive (RX) signals are simultaneously fed to the circulator, as would be the case 

in real-life applications. Also, impedance variation at any of the circulator’s ports, 

especially at the antenna (ANT) terminal, can be challenging to tackle in real time and may 
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require complicated mixed-signal techniques that would impose a restriction on the 

maximum power handling. 

In order to overcome these crucial problems, a cyclic-symmetric implementation 

that mimics the operation of magnetic-biased devices and maintains the rotational 

symmetry of ferrite cavities is highly desirable. Towards this goal, [35] presented the idea 

of spatiotemporal modulation angular-momentum (STM-AM) biasing, based on a loop of 

three resonators modulated in time with a particular phase pattern. Nevertheless, all 

implementations of such concept at any frequency range [35], [36], [52], failed in showing 

any promising results for the metrics they investigated such as insertion loss and matching, 

with many other metrics never investigated altogether, including bandwidth, power 

handling, linearity, spurious emission, noise figure, size, power consumption, and 

transmission phase dispersion. This, in turn, casted a lot of doubt on whether this approach 

can provide any advantage compared to others and was therefore presumed irrelevant in 

practice. In this dissertation, we challenge and falsify this assumption by refining the STM-

AM concept and inventing several new circuits which we validate through rigorous 

analysis, simulations, and measurements, showing unprecedented performance nearly in 

all metrics compared to previous works. 

This dissertation is organized as follows. In Chapter 2, we investigate the physical 

principles behind breaking reciprocity in a cyclic-symmetric circulator and develop four 

single-ended circuits that provide this functionality without magnets. In Chapter 3, we 

focus on one of these circuits which results in the first Watt-level magnetless circulator 

ever presented [37]. In Chapter 4, we develop the differential architectures of these circuits, 

which improve the performance of all metrics considerably, particularly insertion loss and 

noise figure [38]. In Chapter 5, we use the differential circuits as unit elements to realize 

the so-called N-way circulators, which suppress the spurious emission below appropriate 
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levels dictated by spectral mask commercial standards and increase the overall power 

handling significantly [39]. In Chapter 6, we introduce a bandwidth extension technique 

based on combining any of the previous narrowband circuits with conventional bandpass 

filters [40]. In Chapter 7, we focus on chip-scale implementations of these circuits to reduce 

the overall cost and size [41]. In Chapter 8, we explore the use of MEMS resonators to 

decrease the total inductance needed in all previous designs, thus allowing further 

miniaturization [42]. Finally, we draw our conclusions and provide an outlook on future 

directions in Chapter 9. 
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Figure 1: (a) Full-duplex versus currently deployed time-division duplex (TDD) and 

frequency-division duplex (FDD) systems. (b) Circulator in a full-duplex 

transceiver. 
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Chapter 2: Spatiotemporal Modulation Angular-Momentum Biasing 

In this chapter, we explain the physical principles behind breaking reciprocity in a 

cyclic-symmetric circulator and discuss the main idea of how linear-time varying circuits 

are tantamount to magnetic-biased ferrite cavities.  

2.1 THEORY 

 

 

Figure 2: (a) Harmonic excitation at port 1 decomposed into a weighted summation of 

three components: (b) In-phase mode. (c) Clockwise mode. (d) Counter 

clockwise mode. 

By definition, the S-parameters of any cyclic-symmetric circulator can be written 

in the following form 

 

  
11 31 21

21 11 31

31 21 11

S S S

S S S S

S S S



 
 


 
  

, (2.1) 
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where  10 11RL 20log S   is the circulator’s return loss,  10 21IL 20log S   is the insertion 

loss, and  10 31IX 20log S   is the isolation. Notice that in the ideal case, 
11 31 0S S   and 

21 1S  , assuming transmission in the following order 1 2 3  . These parameters are in 

general frequency dispersive, calculated with respect to the port impedance 
0Z , and 

optimized to maintain a certain level of IL and IX, typically 3 dB and 20 dB, respectively, 

over a finite bandwidth (BW), which is centered around a particular design frequency, say

0f . The eigenvalues of this matrix can be calculated using 0S U  , where U  is the 

unitary matrix, which yields 

 

 
11 21 31c S S S      (2.2) 

 2 3 2 3

11 21 31

j jS e S e S   

     (2.3) 

 2 3 2 3

11 21 31

j jS e S e S   

    .  (2.4) 

 

The eigenvectors associated with (2.2)-(2.4) are also given by 

 

  
T

0 1,1,1V    (2.5) 

 
T

2 3 2 31, ,j jV e e  


      (2.6) 

 
T

2 3 2 31, ,j jV e e  


    . (2.7) 

 A harmonic excitation at any of the circulator’s ports can be written as a summation 

of these eigenvectors. For instance, consider the excitation of port 1 as shown in Fig. 2(a) 
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using a voltage source with an amplitude 3 0  and a matched source impedance 
0Z , at an 

arbitrary frequency f , while terminating the other two ports with matched loads. This 

circuit can be decomposed using superposition into three sub-circuits, as shown in Fig. 

2(b)-(d) (notice that  
3

1 2 3

1

0
j n

n

e




 ).  In Fig. 2(b), the applied voltage sources are identical 

in both magnitude and phase, which is mathematically represented by the eigenvector 0V . 

On the other hand, the voltage sources in Fig. 2(c) and Fig. 2(d) have the same magnitude 

but their phases increase by 120 deg either clockwise or counter-clockwise, which are also 

mathematically represented by the eigenvectors V  and V , respectively. Because of their 

distinctive phase pattern, we refer to these eigenvectors 0V , V , and V  as the in-phase (0), 

clockwise (+), and counter clockwise (–) modes, respectively. The generated currents at all 

ports can also be written as a weighted summation of these modes, i.e., 

    1 2 3 1 2 3

0

j n j n

nI I I e I e
    

    , (2.8) 

where n is the port index, and the unknown weights 
0I , I , and I  rely on the specific 

implementation of the circulator itself. If we assume that this implementation guarantees 

that: (i) the in-phase current 
0I  is zero and (ii) the rotating modes I  have the same 

amplitude but opposite phases, i.e., j

gI I e 

  , then (2.8) simplifies to 

  
2

2 cos 1
3

n gI I n



 

   
 

. (2.9) 

In the next sections, we explain how these two assumptions are satisfied in both 

magnetic and STM-AM circulators. Also, the phase   can be designed to be 30 deg at the 

center frequency 
0f , which when substituted in (2.9) results in 

3 0I   and 1 2 3 gI I I   , 

thus isolating port 3 from excitations at port 1 and transmitting the input power exclusively 

to port 2. Similarly, impinging signals on port 2 or port 3 would be routed exclusively to 
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port 3 and port 1, respectively. As the input frequency deviates from 
0f , however,   

becomes different, thus reducing IX and increasing IL, which results in the typical 

dispersive S-parameters of circulators. It is worth mentioning that (2.9) neglects the impact 

of finite losses, which, if taken into account, will force the magnitudes of the rotating modes 

I , and consequently, the port currents 1,2I  to be slightly different, hence IL becomes finite. 

Interestingly, IX is not be impacted by these losses as long as the in-phase mode remains 

not excited. These remarks will become clearer in the next chapters when a rigorous small-

signal analysis is presented. Nevertheless, the previous description, as simplistic as it is, is 

extremely valuable to begin with before delving into the details of a lengthy mathematical 

description so that the reader can gain an insight into the physical principles behind 

breaking reciprocity, either in magnetic or magnetless circulators. 



 13 

2.2 MAGNETIC CIRCULATORS 

 

Figure 3: Magnetic circulator. (a) Magnetic dipole moments without bias. (b) Total 

electric field distribution without bias. (c) Magnetic dipole moments with 

bias. (d) Total electric field distribution with bias. 

We see from the discussion in Sec. 2.1 that the underlying physical principles of 

cyclic-symmetric circulators are: (i) to ensure the in-phase mode is zero and (ii) to provide 

a preferred sense of precession for the counter-rotating modes that alters only their phases 

but not their amplitudes. In magnetic circulators, this is achieved by applying a magnetic 

bias to a ferrite cavity, which is symmetrically attached to three ports at 120  intervals, as 

shown in Fig. 3. Due to charge conservation, or equivalently Kirchhoff’s current law 

(KCL), the in-phase mode current must be zero, otherwise charges will continue to 
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accumulate boundlessly inside the cavity, hence the total electric field can be decomposed 

into a pair of rotating modes with azimuthal dependence je  . Without external bias, the 

magnetic dipole moments of the spinning electrons inside the ferrite disk are randomly 

oriented [see Fig. 3(a)] and the counter-rotating modes have the same resonant frequency. 

As a result, an incident wave at one port, say port 1, excites the counter-rotating modes 

with the same amplitude and phase, leading to a symmetrical field distribution with respect 

to the input port. For example, Fig. 3(b) shows the total field distribution for a driving 

frequency close to the resonance of the cavity. Due to the symmetry of the field distribution 

and the symmetry of the output ports with respect to the input one, the output signals at 

ports 2 and 3 are identical, showing that the unbiased junction operates as a symmetrical 

three-port bandpass filter. When a static magnetic bias is applied, however, along the axis 

of the ferrite cavity, the spinning electrons’ dipole moments align in the same direction, as 

shown in Fig 1(c), which provides a preferred sense of precision for the counter rotating 

modes. In this case, the mode that propagates in the same direction of the precession will 

exhibit a different propagation velocity and, consequently, a different resonant frequency 

than the mode that propagates in the opposite direction, showing that the degeneracy of the 

rotating modes is lifted by the external bias. If the magnetic bias is also uniformly 

distributed across the cavity’s cross section, then the strength of the rotating modes remains 

identical. Therefore, an incident wave at any port in the middle of the resonant frequencies 

of the rotating modes will excite the them with the same amplitude but with opposite phases 

 , resulting in a rotated electric field pattern, as illustrated in Fig. 3(d). For 30  , the 

rotated field pattern has a zero at port 3, resulting in zero transmission at this port, as shown 

in Fig. 3(d), and transmission of all the input power, assuming negligible losses, from port 

1 to port 2. Similarly, for excitation at port 2 or 3, input power is exclusively transmitted 

to port 3 and 1, respectively. 
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2.3 MAGNETLESS CIRCULATORS 

In Sec. 2.2, it was shown that magnetic circulators consist of a three-port resonant 

cavity, designed to ensure that a non-zero in-phase mode would violate KCL, and a 

preferred sense of precession is provided uniformly for the rotating modes such that they 

are excited with the same amplitude but with opposite phases. In light of these remarks, 

the STM-AM circulators can now be developed as follows. First, the resonant ferrite cavity 

is replaced by three series or parallel LC tanks connected in a loop or to a central node, 

which results in four possible combinations, namely, bandpass/wye, bandstop/delta, 

bandstop/wye, and bandpass/delta, as shown in Fig. 4. These circuits are essentially single-

ended implementations of STM-AM circulators, as will become more clear in the next 

chapters, and they guarantee that the in-phase mode current is zero because otherwise it 

would violate KCL. A uniform preferred sense of precession is also provided for the 

rotating currents by modulating the instantaneous natural oscillation frequencies of the LC 

tanks, i.e., 1n nLC  , through variable capacitors (varcaps) as follows 

   0 cos 1 2 3n mC C C t n      , (2.10) 

where 
0C  is the static capacitance and C  and 

m  are the modulation depth and frequency, 

respectively. Notice that the phases of the modulation signals increase by 120 deg in the 

clockwise direction similar to I  and, necessarily, opposite to I , however, the modulation 

depth and frequency are the same for all tanks. Therefore, only the phases of I  become 

different but their amplitudes remain identical. We refer to this modulation scheme as 

spatiotemporal modulation angular-momentum (STM-AM) biasing, since it involves phase 

variation in space (  direction) and in time (t), which synthesizes an effective angular 

momentum that mimics the effect of the aligned dipole moments in magnetic-biased ferrite 

cavities, i.e., both provide uniformly a preferred sense of precession for the rotating modes 
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I . Therefore, the circuits of Fig. 4 are all expected to yield the functionality of a circulator. 

It is also worth mentioning that without modulation, both the bandpass/wye and the 

bandpass/delta topologies operate as a symmetrical three-port bandpass filter, similar to 

magnetic circulators when no bias is applied. In contrast, the bandstop/delta and the 

bandstop/wye topologies do not, in fact, allow any transmission between the ports when 

the modulation is turned OFF. While it does seem counter intuitive, the previous analysis 

still applies and both circuits do work as magnetless circulators. More specifically, the 

STM-AM bias lifts the degeneracy of the rotating modes at the resonance frequency 

0 0 01 L C  , therefore when the modulation is applied, the circuit actually oscillates at 

0 m   rather than 
0 . In between these two frequencies, the skirts of the resonances do 

allow transmission and they exhibit opposite phases. Therefore, if an input signal is 

incident at one port at the middle of these two frequencies, i.e., at 
0 , it will excite the two 

resonances with equal magnitude and opposite phase, thus allowing to achieve isolation at 

one port and perfect transmission to another. This is consistent with the previous 

description based on providing a preferred sense of precession. In the next chapter, we 

explain this even further by analyzing the bandstop/delta topology rigorously to derive 

closed-form expression for the S-parameters when the STM-AM bias is applied. We also 

validate the analysis with detailed simulated and measured results showing remarkable 

performance in several metrics, particularly, isolation and power handling. 
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Figure 4: Single-ended STM-AM circulators: (a) Bandpass/wye. (b) Bandstop/delta. 

(c) Bandstop/wye. (d) Bandpass/delta. 

  



 18 

Chapter 3: Single-Ended STM-AM Circulators1 

In this chapter, we provide a rigorous analysis, simulated, and measured results for 

the bandstop/delta topology, as an example to validate the functionality of the single-ended 

STM-AM circulators developed in Chapter 2. 

3.1 ANALYSIS 

 

 

Figure 5: Bandstop/delta topology. (a) Complete schematic. (b) Small-signal model at 

the input frequency of the TX and RX signals. 

Fig. 5(a) shows the complete schematic of the bandstop/delta topology, which 

consists of three identical parallel LC tanks connected in a loop, the terminals of which are 

connected to the TX, ANT, and RX ports, which all have an impedance 
0Z  (typically 50 

Ohm). As explained in Chapter 2, an effective STM-AM bias that makes this circuit work 

                                                 
1 The content of this chapter is published in [37]. 
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as a circulator is synthesized by modulating the oscillation frequencies of the tanks 

01 2n nf L C , where n is the tank index, 
0L  and 

nC  are the inductance and capacitance of 

the n-th tank, respectively, through varacaps [see (2.1)]. In Fig. 5(a), the varacaps are 

implemented via pairs of common-cathode varactors 
0D  and the modulation signals with 

frequency 
mf , amplitude 

mV , and phase  1 2 3n  , are injected to the common-cathode 

node through matching networks (
mL  and 

mC ). These networks serve as bandstop filters for 

the TX and RX signals, thus prohibiting their leakage into the modulation ports. Moreover, 

large resistors 
bR  are used to combine the DC bias 

dcV  with the modulation signals and to 

DC ground the varactor’s anode as well. In general, three additional filters may be needed 

at the RF ports to prohibit the modulation signals from leaking into them. However, thanks 

to the 120 deg phase shifts of the modulation signals and the rotational symmetry of the 

delta topology, the ports exhibit a virtual ground at 
mf , which alleviates the necessity of 

using these filters. 

At the input frequency of the TX and RX signals, the complete schematic of Fig. 

5(a) simplifies as shown in Fig. 5(b), which is essentially the same as Fig. 4(b) after 

incorporating an additional resistance 
0R  in parallel with each LC tank. This resistance 

models the finite losses of the varactors and inductors and it results in a total unloaded 

quality factor 
0 0 0 0/Q R L . For simplicity, we assume 

0R , and consequently 
0Q , are both 

non-dispersive, which is a reasonable approximation over narrow bandwidths, as is the 

case in this circuit which relies on first-order LC resonators. It is also worth highlighting 

that electronic varactors based on PN junctions are generally non-linear, i.e., 

 0

1

k

n k n

k

C C a v




  , (3.1) 
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where 
0C  is the effective static capacitance of each common-cathode varactors’ pair set by 

the DC bias 
dcV , 

ka  are the coefficients of a polynomial that models the non-linear CV 

characteristics around the quiescent point, and 

 modrf

n n nv v v  , (3.2) 

is the total AC voltage across the n-th tank. Since the S-parameters are, by definition, 

calculated under the small-signal assumption modrf

n nv v , then (3.1) can be simplified to 

 2

0 1 2 ( )mod mod

n n nC C a v a v    . (3.3) 

If we further assume that the modulation index is relatively weak, i.e., 
0 0.5C C   

as is the case with any physical varactor, then we can keep the terms up to first order and 

(3.3) further simplifies to 

  0 1 cosn m m nC C a V t    , (3.4) 

which is exactly the same as (2.1) after substituting  1 2 3n n    and 
1 mC a V  . Since 

(3.4) already embeds the DC and modulation voltages into the definition of 
nC , then we 

can interpret the tank voltages in Fig. 5(b) as the RF component solely, i.e., rf

n nv v , and 

omit the superscript rf from this point onward. Applying Kirchhoff’s current law (KCL) to 

the n-th tank in Fig. 5(b), we get 

 0 ,n L nLv i  (3.5) 

 ,

0

n

L n n n n

v
i C v

R
i   ,  (3.6) 
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where 
d

dt
  , ,L ni  is the current in the inductor of the n-th tank, 

ni  is the total current in the 

n-th branch (see Fig. 5(b)). Taking the derivative of (3.6) and substituting it into (3.5), we 

get 

 
0 0

1 1
n nn n n nC v C v v

R
i

L

 
     





 , (3.7) 

where 
2

2

d

dt
  . Substituting (3.4) into (3.7), we get 

    0

0 0

1 1
cos sinm n n m m nn n nC C t v C t v v

R L
i     

 
             

 
. (3.8) 

Equation (3.8) can be rewritten in a matrix form as follows 

  0

0 0

1 1
c m sC U CC v U C C v v i

R L


 
         

 
, (3.9) 

where  1 2 3, ,v v v v  and  1 2 3, ,i i i i are the vectors of the tank voltages and currents, 

respectively, U  is the unitary matrix, and cC  and sC  are two matrices given by 

 

 

 

 

cos 0 0

0 cos 2 3 0

0 0 cos 4 3

m

c m

m

t

C t

t



 

 

 
 

  
  

  (3.10) 

 

 

 

 

sin 0 0
1

0 sin 2 3 0

0 0 sin 4 3

m

s c m

m

m

t

C C t

t



 


 

 
 

    
  

. (3.11) 

The tank currents i  can be related to the source sources  ,1 ,2 ,3, ,s s s si i i i  using KCL 

at the terminals of the delta loop, which results in 

 si Gi  , (3.12) 

where 

 

1 1 0

0 1 1

1 0 1

G

  
 

  
 
   

. (3.13) 
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 Substituting (3.12) into (3.9) yields 

 

  0

0 0

1 1
c m s sC G CGC v G C GC v Gv i

R L


 
          

 
. (3.14) 

Equation (3.14) is essentially a system of three second-order coupled differential 

equations that governs the single-ended bandstop/delta circulator. In order to solve such 

system of equations, three boundary conditions are needed. Obviously, these are 

determined by the port terminations. In the case under consideration, the ports are 

connected to three different voltage sources through identical impedances 
0Z , as depicted 

in Fig. 5(b). Using KVL, this results in the following boundary equation 

  
0 0

1 1
s sGi Gv G U v

Z Z
   , (3.15) 

which when substituted into (3.14) results in 

    0

0 0 0 0

1 1 1 1
c m s sC J CJC v J C JC U G v Jv Jv

R Z L Z


 
            

 
,  (3.16) 

where H  is given by 

 

 2

1 2 1

1 1 2

2 1 1

J G

 
 

  
 
  

.  (3.17) 

As explained in Chapter 2, the voltage sources 
sv  can be expressed a superposition 

of three modal quantities, which would simplify the analysis since the in-phase mode 

excitation does not force any current flow into the circuit, thus reducing (3.16) into two, 

rather than three, coupled differential equations. As a matter of fact, this transformation 

can also be applied to the tank voltages v  as follows 
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 ˆv T v , (3.18) 

where  0
ˆ , ,v v v v   and the operator T  is given by 

 
2 2

1 1 1

1

1

j j

j j

T e e

e e

 

 





 
 


 
  

.  (3.19) 

Substituting (3.18) into (3.16) yields 

 0

0 0 0 0 0

0

3
3 0

Z
Z C v v v

L
      (3.20) 

 

   

0 0

0 0 0 0

0 0

,1 ,2 ,3

3 33 3
3 1

2 2

1 1
3 3 3 3

6 6 3

m mj t j t

m

s s s

Z Zj
Z C v Z Ce v v Z C e v v

R L

j
j v j v v

  

    

 
          

 

      

  (3.21) 

 

   

0 0

0 0 0 0

0 0

,1 ,2 ,3

3 33 3
3 1

2 2

1 1
3 3 3 3

6 6 3

m mj t j t

m

s s s

Z Zj
Z C v Z Ce v v Z C e v v

R L

j
j v j v v

     

 
          

 

     

.  (3.22) 

As expected, (3.20) has the trivial solution 
0 0v  . On the other hand, (3.21) and 

(3.22) can be further simplified by substituting ,2 ,3 0s sv v  , i.e., only port 1 is excited, since 

a general 
sv  can be constructed using a linear superposition of individual port excitations, 

and, thanks to the circuit’s symmetry, excitations from ports 2 and 3 can be inferred from 

excitation at port 1. Notice that this is how small-signal S-parameters are also calculated, 

i.e., one port is excited at a time while the other ports are terminated with matched loads. 

Moreover, the solution of (3.21) and (3.22) can be easily obtained in frequency rather than 

in time domain by applying Fourier transform, which yields 

      
1

,1

1

k s m

k

V H V k   





  , (3.23) 
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where  V   and  V   are the Fourier transforms of  v t  and  v t , respectively,  ,1sV   

is the Fourier transform of  ,1sv t , 

  
 

 

 

 

2 0

0 0

0

0

0

0

3
3

3 3
6

3
1

m

m

Z
j C Z

j L
H

D Z
j

R

  




 





 
   
 
  
     

  

  (3.24) 
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0
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3 3
4

m

j
j CZ

H
D

  










  

   (3.25) 

  
   

 

2

0

1

3 3
4

m

j
j CZ

H
D

  








  

 ,  (3.26) 

and    1 1 0.H H  

    The denominator functions  D   are also given by 

 

   

   

22 2 2

0

2 0 0

0 0

0

2 0 0

0 0

0 0

9

4

3 3
3 1

3 3
3 1

m

m m

D C Z

Z Z
C Z j

L R

Z Z
C Z j

L R

   

 

   

    

  
       

  

  
         

  

. (3.27) 

 

 

Figure 6: Frequency mixing map. (a) BW>2 mf . (b) BW 2 mf . 
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Equation (3.23) shows that the counter-rotating voltages V
 at any frequency   

depend, in general, on the source voltages at three different frequencies, i.e.,  , 
m  , and 

m  , as a result of the modulation. A graphical representation of the frequency mixing 

mechanism in this case is provided in Fig. 6(a). If the BW of the input signals is smaller 

than 2 mf , the mixing map simplifies as shown in Fig. 6(b) and closed-form expression for 

the modal amplitudes at  , 
m  , and 

m   can be found as follows 

 
 

 

 
 

 

 

2 0

0 0

0

,1 0

0

3
3

3 3
6

3
1

m

s

m

Z
j C Z

j LV

V D Z
j
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  (3.28) 

 
 

 

   

 

2

0

,1

3 3
4

m
m

s

j
j CZV

V D

   

 



 

 , (3.29) 

and   0mV     . The original tank voltages  1 2 3, ,V V V V  can now be calculated using 

(3.18), while recognizing that 
c 0V  , which yields 

          1 2 3 1 2 3j n j n

n k k kV e V e V
 

  
  

   , (3.30) 

where 
k mk     and 1,0,1k    is the harmonic index. The tank currents  n kI   can also 

be calculated by Fourier transforming (3.7), resulting in 

              
     
     

1

0 1
0 0

1 1

2

j n

m n m

n n j n

m n m

e Vj
I j C V C

R j L e V





   
  

    



 

   
      
      

  (3.31) 

                  
 

 1

0

0 0

1 1

2

j n

n m n m n m

m

j
I Ce V j C V

R j L


       

 

 
 

          

.  (3.32) 

Notice that the source currents  s kI   can also be found by substituting (3.31) and 

(3.32) into the Fourier transform of equation reference goes here, which is simply 

   sI GI   . Finally, the harmonic S-parameters are, by definition, given by 



 26 

  
 

 
0 ,

0

,

, 2
s j k

ji k ji k

s i

Z I
S

V


   


  , (3.33) 

where ji  is the Kronecker delta function, which is equal to 1 for i j  and equal to zero 

otherwise. Notice that for 0k  , (3.33) results in the conventional S-parameters defined for 

linear time-invariant (LTI) systems, which relate the input and output powers at the same 

frequency. For 0k  , however, (3.33) describes the amount of power transferred from the 

fundamental harmonic of the incident signal to the intermodulation products (IMPs) at all 

ports. From this point onward, the S-parameters will refer to the conventional ones, unless 

stated otherwise. The harmonic input impedances  ,in kZ    are identical at all ports due to 

symmetry, and they can be calculated as follows 

  
 

 
,

0

,

,
s n

in k

s n k

V
Z Z

I


 


  . (3.34) 

Like for the S-parameters, 0k   yields the conventional input impedance, which 

relates voltages and currents having the same frequency. Yet, for 0k  ,  ,in kZ    

corresponds to a trans-impedance which relates the input voltage at   to the excited current 

at 
k . It is also worth mentioning that  

 

 
0

1 ,
,

1 ,

jj k

in k

jj k

S
Z Z

S

 
 

 





 still holds for all k . 
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Figure 7: Analytical S-parameters at 
ctr  versus the normalized modulation parameters 

m ctr   and 
0C C . (a) RL. (b) IL. (c) IX. (d) BW. 

Equation (3.33) gives the S-parameters as a function of the circuit elements 
0L  and 

0C  and the modulation parameters 
mf  and C . These parameters should be chosen for 

operation around a desired center frequency 
ctrf  while satisfying certain specifications on 

IL, RL, IX, and BW. For example, for 1ctrf   GHz, 
0 3.4L  nH, and 

0 7.67C   pF,  Fig. 7 

shows the IL, RL, and IX at 1 GHz, and the fractional BW around the same frequency, all 

versus the normalized modulation parameters 
m ctrf f  and 

0C C . The optimal values of 

these metrics are also marked by the points 
1p , 

2p , 
3p , and 

4p . Notice that these points are 
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not aligned, therefore one may need to trade off one or several of the desired specs. For 

instance, if we choose to maximize the IX at the center frequency, then the required 

modulation parameters are specified by point 
3p , which are summarized in Table 1. 

Substituting these values into (3.33), the S-parameters can be calculated at all frequencies, 

as shown in Fig. 8(a). As expected, IX at 1 GHz is as large as 56 dB. Also, IL and RL at 

the same frequency are 2.9 dB and 10.8 dB, respectively, and the fractional BW is 2.7% 

(27 MHz). Fig. 8(b) also shows that the transmission phase is quite linear within the BW 

of interest, thus introducing minimal dispersion to the TX and RX signals and allowing the 

use of this circulator in any coherent or non-coherent communication system. 

 

 

Figure 8: (a) Analytical S-parameters. (b) Analytical transmission phase. 
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Element\Value Theo. Sim. Meas. 

Main 

circuit 

ctrf  (MHz) 1000 1000 1000 

m ctrf f  (%) 19 19 19 

0L  (nH) 3.4 
0 70Q   

3.3 

(Coilcraft) 

3.3 

(Coilcraft) 

0C  (pF) 7.67 BB439 

(Infineon) 

BB439 

(Infineon) 
0C C  (%) 46 

Modulation 

network 

mV  (Vpp) N/R 7.24 10.8 

mL  (nH) N/R 
72 

(Coilcraft) 

72 

(Coilcraft) 

mC  (pF) N/R 
24 

(Coilcraft) 

24 

(Murata) 

DC bias 

network 

dcV  (Volt) N/R 21.6 19.6 

bR  (KΩ) N/R 
100 

(KOA) 

100 

(KOA) 

bC  (pF) N/R 
1000 

(Murata) 

1000 

(Murata) 

Table 1: Values of all design parameters used in obtaining the theoretical, simulated 

and measured results of the single-ended bandstop/delta STM-AM circulator. 

Fig. 9 also shows the analytical spectrums at the ANT and RX ports for a 

monochromatic TX excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  

of 0 dBm. The second-order IMPs at 
in mf f , are both –13 dBc, where dBc is a normalized 

unit describing the IMPs magnitude at all ports with respect to the incident TX tone. It is 

worth highlighting that these products are the result of time variation without any 

contribution from the inevitable non-linearities of the varactors, since the above analysis is 

based on linear small signals (see (3.1)-(3.4)). In reality, however, non-linearities not only 

make the IMPs at  stronger, but they also lead to many other mixing spurs at  and high-

order harmonics at  and , where k and l are integers and  is the input frequency. In fact, if 

the input signal has a finite BW, as is the case in any real system, the situation becomes 
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more complicated and the spurious emission becomes even worse. This issue will be 

investigated in detail through simulations and measurements in Sec. 3.2.2. 

 

 

Figure 9: Analytical spectrums at the ANT and RX ports for a monochromatic TX 

excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  of 0 

dBm. 

3.2 RESULTS 

Based on the theoretical analysis presented in Sec. 3.1, a single-ended 

badnstop/delta STM-AM circulator operating at 1 GHz was designed in Keysight ADS. 

The performance was optimized through post-layout circuit/EM co-simulations by 

combining commercially available measured S-parameters for all lumped elements with 

the layout parasitics extracted by ADS Momentum full-wave analysis. The circuit was then 

fabricated and tested on a printed circuit board (PCB) using commercial off-the-shelf 

discrete components as listed in Table 1. Fig. 10 shows a photograph of the board and the 

circulator’s form factor is 13mm×11mm. The measured results were obtained using the 

experimental setups discussed in detail in Appendix A, and they are all in excellent 

agreement with simulations. 
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Figure 10: Photograph of the fabricated single-ended STM-AM circulator. 

3.2.1 S-PARAMETERS 

 

Figure 11: Comparison between the S-parameters with and without modulation. (a) 

Simulated. (b) Measured. 

Fig. 11 shows the simulated and measured S-parameters with and without 

modulation. Without modulation, i.e., 0mV  , the circuit is clearly reciprocal and exhibits 

a typical bandstop response. When the modulation is turned on, however, with 190mf   

MHz and 3.62mV   V, the circuit yields the functionality of a circulator, as expected, and 

the center frequency is shifted down to 1 GHz. This shift of 60 MHz and 90 MHz observed 

in both simulations and measurements, respectively, is due to the varactors’ even-order 
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non-linearities as will be explained in Sec. 3.2.3. Also, the simulated IL, RL, and IX at 1 

GHz are 2.8 dB, 11.34 dB, and 55 dB, respectively, and the simulated BW is 1.8% (18 

MHz). Similarly, the measured IL, RL, and IX are 3.3 dB, 10.8, 55 dB, respectively, and 

the measured BW is 2.4% (24 MHz). We also notice that the measured RL is asymmetric 

with respect to the center frequency of 1 GHz, which is mainly due to the varactors’ 

parasitics resulting in a self-resonance frequency (SRF) closer to 1 GHz than predicted by 

their spice model in simulations. It is worth stressing that this RL asymmetry should not 

be confused with the circulator’s three-port cyclic-symmetry which is preserved, i.e., 

11 22 33S S S  , 
21 32 13S S S  , and 

31 12 23S S S  . The circuit can also be reconfigured for 

operation at different channels (different 
ctrf ) by simply changing the DC bias and 

adjusting the modulation voltage to account for the different slopes of the varactors’ CV 

characteristics. For example, Fig. 12 shows the S-parameters for three different channels. 

The maximum tunability range is found to be 100 MHz (10% of 
ctrf ) in simulations and 

60 MHz (6% of 
ctrf ) in measurements. Fig. 12(b) and Fig. 12(d) also show that 

transmission phase is linear within the BW of interest, similar to the analytical results of 

Fig. 8(b). 

 



 33 

 

Figure 12: (a) Simulated S-parameters. (b) Simulated transmission phase. (c) Measured 

S-parameters. (d) Measured transmission phase. 

3.2.2 SPURIOUS EMISSION 

Fig. 13 shows the spectrums at both the ANT and RX ports for a monochromatic 

TX excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. The 

simulated fundamental component at the ANT port is about –2.8 dBm, which indeed 

exhibits the same amount of IL predicted by the S-parameters. At the RX port, however, 

the fundamental component is –46 dBm, which is 9 dB larger than predicted by IX, simply 

because the null in Fig. 11(a) is not perfectly aligned at 1 GHz. Similar remarks apply to 
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the measured results, i.e., the fundamental components at the ANT and RX ports in this 

case are –3.3 dBm and –48 dBm, respectively. On the other hand, the simulated second-

order IMPs at 
in mf f  and 

in mf f  are both about –18 dBc, and the measured values are –18 

dBc and –14 dBc, respectively. Though not shown in Fig. 11(a) and Fig. 11(b), higher-

order IMPs are also present, but they are generally smaller than the second-order ones and 

they can be rejected with filters, therefore we can neglect them. Furthermore, one 

additional tone is present in simulations at 5 mf  with an amplitude of –60 dBc while in 

measurements two tones are present, one at 5 mf  and another at 6 mf  with amplitudes of –41 

dBc and –55 dBc, respectively. These are basically high-order harmonics of the modulation 

signals due to the varactors’ non-linear CV characteristics and because of them, it is 

desirable not to have 
ctr mf f  as an integer number, in order to avoid any of these harmonics 

landing on top of the desired signal. 

 

 

Figure 13: ANT and RX spectrums for a monochromatic TX excitation with an input 

frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. (a) Simulated. (b) 

Measured. 
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Obviously, such spurious emission is not satisfactory and will not pass the 

regulations of any practical system on such metric. While filtering may partially solve this 

problem by rejecting the high-order IMPs as mentioned earlier, it will be challenging to do 

the same for the second-order spurs at 
in mf f  since they are much closer to the desired 

BW. Furthermore, the use of sharp filters is generally not preferable since they add more 

losses and increase the overall cost and form factor. More importantly, by filtering the 

spurs, the power carried by them is wasted, which is essentially a lossy channel to the 

fundamental harmonic itself. In fact, these spurs are the main reason why the IL, either in 

theory, simulations, or measurements, is always larger than 2.8 dB at best, and the design 

points for optimal IL, RL, and IX in Fig. 7 are not aligned. This issue will be discussed in 

more detail in Chapter 4 and will lead to the development of the differential architectures 

of STM-AM circulators, which partially overcome this problem. In Chapter 5, the so-called 

N-way STM-AM circulators will be presented, which permit increasing the power handling 

beyond tens of Watts and dramatically suppress the overall spurious emission. 

3.2.3 POWER HANDLING AND LINEARITY 

The limitation on power handling and linearity in STM-AM circulators originates 

solely from the varcaps. In the specific implementation under consideration of Fig. 5(a), 

these elements are built using varactors, which exhibit a finite forward conduction voltage 

fV , a finite breakdown voltage 
bV , and non-linear CV characteristics as given by (3.1). 

Obviously, the fV  and 
bV  thresholds impose a limitation on the maximum possible swing 

across the varactors. To maximize this swing, the varactors should be biased at 

  2dc f bV V V  . Clearly, as the DC bias deviates from this optimal value, e.g., as we tune 

the circulator for operation at a different channel, the maximum possible swing and, 

consequently, the circulator’s power handling are both reduced. On the other hand, the 
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exponentially non-linear CV characteristics of the varactors between the fV  and 
bV  

thresholds degrade the circulator’s spurious emission, as explained in Sec. 3.2.2, which 

leads eventually to IL and IX compression, thus limiting the power handling. This can be 

demonstrated by substituting      1 1 2 2cos cos cosn m mv V t V t V t      in (3.1), which yields 
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where 
kb , 

kd , 
ke , and kqlr  are polynomial coefficients, which up to the first few terms are 

given by 
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Notice that for simplicity, the phases of all sinusoids were neglected since they are 

irrelevant to this analysis. The DC term 
0b  represents the effective static capacitance in the 

presence of large modulation and RF signals while taking into account the varactors’ non-

linearities. We notice a shift in such capacitance with respect to the static value 
0C  due to 

the second-order non-linearity. Generally, all even order terms in would result in a similar 

shift but the second-order one is predominant. For a convex CV curve, as for all varactors 

based on reverse-biased pn junctions, 
3a  is positive, therefore, the resonance frequency is 

shifted “down” in agreement with the result in Fig. 11. For 
1 mV V  and 

2 mV V , this shift 

is constant and independent of the RF signal, however, when either 
1V  or 

2V  (or both) 

becomes sufficiently large, 
0b  changes with the input power, or in other words, the varactor 
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is compressed. Clearly, when this occurs, both IL and IX will also compress. Indeed, this 

is observed in the simulated and measured results of Fig. 14(a) and Fig. 14(c), respectively, 

which depict IL and IX versus the power 
inP  of a single input tone at 1 GHz. Specifically, 

the simulated 1 dB input compression point of IL (P1dB) and the 20 dB compression point 

of IX (IX20dB) are +28 dBm and +26.7 dBm, respectively, and the measured value of both 

metrics is +29 dBm. 

 

 

Figure 14: (a) Simulated P1dB and IX20dB. (b) Simulated IIP3. (d) Measured P1dB and 

IX20dB. (d) Measured IIP3. 

Furthermore, since 
1f  and 

2f  are generally two RF frequencies close the circulator’s 

center frequency 
ctrf , i.e., 1,2 2ctrf f f  , their mixing will lead to in-band IMPs very close 
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to 
ctrf  as well. The same remark applies to the IMPs resulting from mixing between either 

of these two frequencies and the relatively low modulation frequency 
mf . The strength of 

all these mixing spurs is captured by the kqlr  coefficients in (3.35) and their impact on the 

circulator’s performance can be quantified by calculating the third-order input-referred 

intercept point (IIP3). Assuming 1f   MHz, the simulated and measured IIP3 are both 

found to be +33.8, as shown in Fig. 14(b) and Fig. 14(d), respectively. Notice that the 

difference between IIP3 and P1dB, either in simulations or measurements, is not 9.6 dB as 

expected in third-order time-invariant systems since STM-AM circulators are, in fact, time 

varying. It is also worth mentioning that these values of P1dB, IX20dB, and IIP3, exceed 

by several orders of magnitude the results of all previous works. In fact, this is the first 

Watt-level magnetless circulator ever presented and experimentally validated. 

3.2.4 NOISE FIGURE 

Noise performance of the circulator is another critical metric since it comes at the 

forefront of the RX path, even superseding the low noise amplifier (LNA). Therefore, it is 

highly desirable that the circulator adds minimal noise in order not to limit the overall SNR 

of the transceiver. In the following discussion, we detail the different noise mechanisms in 

the STM-AM circuits and explain their impact at the circulator’s performance. Although 

the analysis focuses on the RX port, the results also apply to the ANT and TX ports, due 

to the symmetry of the circuit. Total noise at the RX port can be decomposed into three 

components: (i) incoming noise from the ANT and TX ports, (ii) noise added by the circuit 

itself, and (iii) noise resulting from random variations in the modulation signals, including 

amplitude and phase noise. 
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Figure 15: (a) Noise folding from the IMPs into the desired BW. (b) Noise sources. 

The TX and ANT noise are both transmitted to the RX port through the circulator’s 

harmonic S-parameters. Notice that since the circuit is time-variant, output noise at the RX 

port at a particular frequency not only comes from the ANT or TX noise at the same 

frequency, but it also folds from the IMPs as shown in Fig. 15(a). Therefore, the RX noise 

due to the ANT and TX incoming noise is given by 

          
2 22 2 2

RX ANT 21 TX 31, ,
N

m m m

k N

v v k S k v S k         


       (3.37) 

where N is the total number of the IMPs and  2

RXv  ,  2

TXv  , and  2

ANTv   are the power 

spectral densities (PSDs) of the RX, TX, and ANT noise, respectively. Notice that 

   
2 2

31 21, ,S S     over the circulator’s BW; therefore, TX’s contribution at 0k   in 

(3.37) can be neglected. One can argue that the circulator should not be penalized by the 

input noise folding, since there is no desired signal at the IMPs. A channel pre-selection 

bandpass filter, which is similar to image reject filters in heterodyne transceivers, can thus 

be added at the antenna port in order to knock down this out-of-band noise as shown in 

Fig. 15(a). Unlike double-side band mixers, however, where the conversion gain seen by 

the desired signal and its image is the same, IMPs harmonic transfer functions in the 
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circulator’s case are, in fact, much smaller than IL, therefore noise folding from IMPs is 

already very small compared to the in-band noise and can be neglected even without 

filtering. As for the noise added by the circuit itself, it is attributed to the thermal noise of 

the biasing resistors, the inductors’ finite quality factors, the varactors and the output 

impedance of the modulation sources. Fig. 15(b) shows these noise sources where noise of 

the biasing resistors is neglected compared to the input noise from the ports, since 
0bR Z

. Also for simplicity, total noise of the n-th LC tank, either due to the varactors or the 

inductors, is lumped into a single parallel current source 2

,t ni . One can split each 2

,t ni  into two 

fully correlated shunt current sources with opposite currents at the two terminals of the 

corresponding tank, therefore allowing the calculation of their contribution at the RX port 

using the harmonic S-parameters. Furthermore, incoming noise from the modulation/DC 

ports is injected into the common-cathode node of the corresponding tank through a voltage 

source 2

,m nv  in series with a noiseless complex impedance 
mZ  where 2

,m nv  and 
mZ  can be 

found using Thevenin-equivalence looking back into the modulation ports. One can 

interpret 2

,m nv  as an amplitude variation of the modulation signal applied to the varactors, 

which is equivalent to an effecti  nC t ve random capacitance variation  nC t  in (5). 

Similarly, phase noise of the modulation signals can be represented as a random phase 

 n t , hence (3.4) can be rewritten as follows 

     0 cosn n m n nC C C C t t t           . (3.38) 

Equation (3.38) shows that in a realistic scenario, the modulation signal is not a 

pure sinusoidal tone with frequency 
mf , but rather a random signal with a finite bandwidth 

which increases the folded noise into the circulator’s instantaneous BW and further 

degrades its noise figure. 
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Figure 16: (a) Simulated NF. (b) Measured NF. 

Analytical calculation of the exact total output noise at the RX port can be very 

tedious; however, simulation tools such as ADS harmonic balance significantly simplify 

the task. Also, since the presented circulator is a passive LPTV circuit, one should expect 

that the overall noise figure (NF) is approximately equal to the IL but slightly higher due 

to noise folding from the IMPs and phase noise in the modulation signals. Indeed, Fig. 

16(a) shows that the simulated NF is 2.9 dB at 1 GHz, which is only 0.1 dB higher than IL, 

and less than 3.1 dB over the BW. Similarly, Fig. 16(b) shows the measured NF is 4.5 dB 

at 1 GHz and less than 4.7 dB over the BW. 
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Chapter 4: Differential STM-AM Circulators2 

In this chapter, we develop the differential voltage- and current-mode architectures 

of STM-AM circulators, which improve the performance of all metrics and drastically 

reduce the required modulation frequency and amplitude. As an example, we provide a 

rigorous analysis, simulated, and measured results for the voltage-mode topology to 

validate the functionality of these circuits. 

4.1 THEORY 

As illustrated in Chapter 3, single-ended STM-AM circulators can achieve strong 

non-reciprocity with very good performance in many metrics, particularly, IX, P1dB, and 

IX20dB. However, they still suffer from several problems. Specifically, IL was shown to 

be limited to about 3 dB in practice, even when losses are incidental, which makes these 

circuits less attractive compared to passive LTI EBDs and weakens the main argument for 

full-duplex systems, i.e., doubling the spectral efficiency using the same resources 

(including energy per bit). Furthermore, it was not possible to achieve optimal IL, RL, IX, 

and BW simultaneously, since the required modulation parameters 
mf  and 

mV  in each case 

were different. Even optimizing for only one of these metrics such as IX was still 

problematic since it required considerably large modulation amplitude of about 10 Vpp. 

These problems are in fact all rooted in one issue, i.e., the generation of large IMPs in close 

proximity to the desired BW. It is important to make a distinction here between the IMPs 

due to the time-varying nature of STM-AM circulators and those resulting from non-

linearities. The latter are in fact less of an issue as they are not related to the non-reciprocal 

operation itself of these circuits, but they are rather a secondary phenomenon. In other 

                                                 
2 The content of this chapter is published in [38]. 
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words, strong non-reciprocity can be achieved with perfectly linear elements and in 

complete absence of any non-linear IMPs. However, parametric modulation is essentially 

and fundamentally the mechanism that breaks reciprocity. Therefore, the IMPs resulting 

from it cannot be avoided, at least in single-ended implementations, and they have a strong 

impact on the overall performance. For instance, they draw power from the fundamental 

harmonic of the input signal regardless of its amplitude, thus leading to the 3 dB limit on 

IL even under the linear small-signal assumption. Also, since they are considerably large, 

i.e., only 10 dB below the fundamental harmonic, then even their partial reflections by the 

port impedances back into the circuit is sufficient to misalign the optimal design points of 

IL, RL, IX, and BW [see Fig. 7]. On the other hand, these products equally appear at all 

ports for excitation at a single port. Therefore, the IMPs resulting from the TX signal at the 

RX port could saturate its RF front-end regardless of how much isolation is achieved at the 

fundamental frequency. Similarly, the IMPs resulting from the RX signal at the TX port 

can cause instability issues to the power amplifier (PA) because of load-pull effects. More 

importantly, the IMPs at the ANT port, either due to the TX or the RX signal, would pose 

a serious interference problem to adjacent channels and would prohibit compliance with 

the spectral mask regulations of most commercial systems. Therefore, the rejection of these 

products is pivotal. Although filtering may sound a reasonable option, it is, in fact, far from 

being practical (at least on its own), since it suffers from many problems. Specifically, 

adding filters at the circulator’s ports increases the overall size and degrades the total IL. 

It also imposes a restriction on the lowest possible modulation frequency, in order to relax 

the requirements on the sharpness of these filters. More importantly, if the IMPs are filtered 

by dissipating them into dummy resistors, for instance, then the 3 dB IL limit is not 

overcome. On the other hand, if they are reflected back into the circuit, this may still 

prohibit simultaneous optimization of all S-parameters. Hence, the rejection of the IMPs 
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must be accomplished carefully in a way that permits solving all these problems. To find 

this optimal solution, let us consider adding a constant phase   to all modulation signals, 

i.e., 

   0 cos 1 2 3n mC C C t n        . (4.1) 

One can prove from the analysis in Chapter 3, that the fundamental component of 

the rotating modes, i.e.,  V   in the delta topologies and  I   in the wye topologies, 

remain exactly the same, while the IMPs at 
m   become 
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m mV V e 
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Figure 17: Differential STM-AM circulators. (a) Current-mode. (b) Voltage-mode. 

This finding suggests that combining two single-ended wye topologies in parallel 

as shown in Fig. 17(a) or two single-ended delta topologies in series as shown in Fig. 17(b), 

while maintaining a constant 180 deg phase difference between their modulation signals, 

can cancel these products entirely. In analogy with passive mixers, we refer to these two 
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differential circuits as the current- and voltage-mode architectures of STM-AM circulators, 

respectively. It is worth highlighting that the constituent single-ended circulators in the 

current-mode architecture must be based on either the bandpass or the bandstop wye 

topologies depicted in Fig. 4(a) and Fig. 4(c), respectively. This is because the IMPs in this 

architecture are expected to arise as out-of-phase currents at the single-ended terminals, 

hence they can be cancelled out by summing them up through simple nodal connection. In 

contrast, the single-ended circulators in the voltage-mode architecture must be constructed 

using either the bandstop or the bandpass delta topologies depicted in Fig. 4(b) and Fig. 

(d), respectively. As one may expect from duality, this is because the IMPs in this case are 

expected to arise as common voltages, hence they can be cancelled by subtracting them 

through baluns. Therefore, there are only four possible implementations of differential 

STM-AM circulators, namely, current-mode bandpass/wye, current-mode bandstop/wye, 

voltage-mode bandpass/delta, and voltage-mode bandstop/delta topologies. 
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Figure 18: Half-circuit models. (a) Current-mode at the fundamental harmonic. (b) 

Current-mode at the second-order harmonics. (c) Voltage-mode at the 

fundamental harmonic. (d) Voltage-mode at the second-order IMPs. 

In light of power conservation, one must wonder what happens to the power carried 

by the IMPs in the differential STM-AM circulators. As it turns out through rigorous 

analysis, this power is fully transferred back to the fundamental component and this is the 

reason why all metrics improve significantly. Before delving into the mathematical details 

of the analysis, let us examine this first intuitively by developing the half-circuit models as 

follows. In the current-mode architecture, the fundamental components of the constituent 

single-ended circuits exhibit an even symmetry, thus leading to an effective port impedance 

of 
02Z  seen by each single-ended circuit, as shown in Fig. 18(a). On the other hand, the 

IMPs exhibit an odd symmetry due to the 180 deg phase difference between the modulation 

signals of the constituent single-ended circuits, therefore the ports in this case become 

virtual grounds, as shown in Fig. 18(b). Unlike the fundamental components, the effective 
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short-circuited input impedance seen by the IMPs prohibits any current flow, and 

consequently any power transfer, to the ports at these frequencies. From duality, one can 

find that the voltage-mode topology provides opposite symmetries, i.e., odd for the 

fundamental component and even for the IMPs, as shown in Fig. 18(c) and Fig. 18(d), 

respectively. Notice that the IMPs in this case see an effective open-circuit at all ports. 

From Fig. 18(b) and Fig. 18(d), one can realize that these products are entirely reflected 

back into the single-ended circulators either out-of-phase or in-phase thanks to the short-

circuited or open-circuited ports, respectively. Consequently, they can be regarded as new 

input excitations at 
m  . Notice that these products are equally present at all ports, as 

mentioned before, and they also maintain the same rotational phase pattern of the 

modulation signals that resulted in them, i.e., their phases increase by 120 deg in a 

particular direction. Therefore, their reflections are, in fact, either a clockwise or a counter 

clockwise excitation, as depicted in Fig. 2(c) and Fig. 2(d), respectively, therefore they are 

allowed to mix with the modulation signals again and generate new harmonics at  , 
m 

, and 2 m  . The   and 
m   components will enter the single-ended circulators again, 

mix with the modulation signals in the exact same way, and continue this recursive process 

until they reach a steady state when the reflections become weaker than the noise floor. On 

the other hand, the second-order spurs at 2 m   will either leak to the ports, since they 

exhibit the same symmetry as the fundamental component at  , or they will partially 

reflect back into the circulator, since matching at 2 m   is not necessarily guaranteed. 

Similarly, this gives rise to new harmonics at 
m  , 2 m  , and 3 m  . Ostensibly, this 

qualitative analysis suggests that the spectrum at the RF ports will contain all the even-

order harmonics  , 2 m  , 4 m  , … with decaying magnitudes. In this case, the 

performance improvement due to the differential configuration would be incremental and 

only associated with a weakening of the higher-order IMPs compared to the original 
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second-order spurs of the single-ended circuit at 
m  . But if one keeps track of these 

recursive reflections more rigorously, the steady state solution will show, quite 

interestingly, that the output spectrums only contain the fundamental frequency. This, 

however, is an exhausting and very tedious analytical task. Fortunately, a simpler approach 

to find this steady state solution is to analyze the entire differential circuit as a single entity, 

as we explain in the next section. The analysis indeed proves that the power of all higher-

order harmonics are transferred back to the fundamental component, thus making the 

differential STM-AM circulators quasi-linear time-invariant (QLTI) networks. However, 

this is under the linear small-signal assumption. Since non-linearities are inevitable in any 

real circuit, finite IMPs will still manifest themselves in simulations and measurements, 

but it is important to realize that the parametric modulation does not contribute to any of 

these products, as explained earlier, therefore, the overall performance of many metrics 

dramatically improves. 
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4.2 ANALYSIS 

 

 

Figure 19: Voltage-mode bandstop/delta topology. (a) Complete schematic. (b) Small-

signal model. 
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As an example, we analyze in this chapter the voltage-mode bandstop/delta 

topology and validate it with simulations and measurements in the next section. For 

completeness, we present the complete schematic and the analysis of the dual current-mode 

bandpass/wye topology in Appendix B. Fig. 19(a) shows the complete circuit 

implementation of the voltage-mode bandstop/delta STM-AM circulator, which consists 

of two single-ended bandstop/delta topologies connected differentially through LC baluns 

( rfL  and rfC ). Similarly, LC baluns (
mL  and 

mC ) are used to generate the differential 

modulation signals of the constituent single-ended circuits from three sources. Recall that 

these sources have the same amplitude 
mV  and frequency 

mf  but their phases increase by 

120 deg in the clockwise direction. Large resistors 
bR  are used for DC biasing and the bias 

voltage itself 
dcV  is injected through the shunt inductance of the modulation baluns. Also, 

recall that each single-ended circuit consists of three parallel LC tanks realized using 

inductors 
0L  and a pair of varactors 

0D . The varactors are in common-cathode configuration 

and the common node is connected to an inductor 
dL  so that they form together a bandpass 

resonance at 
mf , allowing the modulation signal to pass through while, at the same time, 

prohibiting the RF signal from leaking out of the delta loop. Under the small-signal 

assumption, Fig. 19(a) can be simplified as shown in Fig. 19(b), where the TX, RX, and 

ANT ports along with the RF baluns are all replaced by differential voltage sources with a 

total impeance 
0Z  (output impedance of the baluns). Also, the common-cathode varactors 

and the DC/modulation network are replaced by varcaps, the instantaneous capacitance of 

which is given by 
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where SE1 and SE2 are the constituent single-ended circulators, 
0C  is the static capacitance 

of the common-cathode varactors as set by the DC bias and C  is the effective capacitance 

variation which is proportional to the modulation voltage 
mV . We also assume that the 

varactors’ and the inductors’ losses of each tank are combined into a non-dispersive parallel 

resistance 
0 0 0 0R Q L , where 

0Q  is the unloaded quality factor of the tanks. 

 From Chapter 3, the single-ended circulators, denoted by SE1 and SE2, are known 

to be governed by the following differential equations 

  0 1 1 1

0 0

1 1
c SE m s SE sSE

C G CGC v G C GC v G iv
R L


 

          
 

 (4.5) 

  0 2 2 2

0 0

1 1
c SE m s SE sSE

C G CGC v G C GC v G iv
R L


 

         
 

, (4.6) 

where  1 1 2 3, ,SEv v v v  and  2 4 5 6, ,SEv v v v  are the vectors of the tank voltages,  ,1 ,2 ,3, ,s s si i i i  

is the vector of the source currents flowing into SE1 and out of SE2, and the matrices U , 

cC , and sC  were all defined in Chapter 3. In order to simplify the analysis, the tank voltages 

1SEv  and 
2SEv  can be replaced by their differential (

dv ) and common (
cv ) components as 

follows 

 
1SE c dv v v   (4.7) 

 
2SE c dv v v  . (4.8) 

 

In this case, the port terminations of Fig. 19(b) results in the following boundary 

equation 

  
0 0

1 2
s s dGi Gv G U v

Z Z
   . (4.9) 

Substituting (4.7)-(4.9) into (4.5) and (4.6) yields 
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  0

0 0 0 0

1 2 1 1
d d d c c m s c sC Jv J U G v Jv CJC v C JC v Gv

R Z L Z


 
             

 
  (4.10) 

 
0

0 0

1 1
0c c c c d m s dC v v v CC v C C v

R L
         , (4.11) 

where 2J G  as defined in Chapter 3. Similar to the analysis of the single-ended circuit in 

Chapter 3, (4.10) and (4.11) can be further simplified if we express 
dv  and 

cv  as a 

superposition of their in-phase, clockwise, and counter-clockwise modes as follows 

 ˆ
d dv Tv   (4.12) 

 ˆ
c cv Tv , (4.13) 

where  ,0 , ,
ˆ , ,d d d dv v v v   and  ,0 , ,

ˆ , ,c c c cv v v v   are the vectors of the modal voltages for the 

differential and common components, respectively, and the operator T  is given by (3.19). 

If we further assume that  1,0,0sv   and recognize that the in-phase voltages ,0dv  and ,0cv  

are both equal to zero, then substituting (4.12) and (4.13) into (4.10) and (4.11) results in 

 

 

, ,

, ,0 0

/6
, , ,0 0

,1/6
, , ,0 0 0 0 0 0 0

0 0

2 20 0

2 3 1 2 3

3

m m

m m

j t j t
c c

mj t j t
c c

j
d d d

sj
d d d

v ve eC C
j

v vC Ce e

v v v eR Z
v

v v vR Z C L C Z C e

 

 






 

 

 
 


  


  

        
      

       

         
          

        

  (4.14) 
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. (4.15) 

Fourier transforming (4.14) and (4.15) yields 
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where 
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. (4.18) 

Equations (4.16) and (4.17) show that the only frequency components existing in 

the circuit are the fundamental harmonics at   and the second-order IMPs at 
m   without 

any additional higher-order products, as claimed in Sec. 4.1. Also, the fundamental 

harmonics are exclusively excited as differential components, allowing them to flow to the 

ports while the second-order IMPs are exclusively excited as in-phase components, hence 

they are trapped inside the resonant junction and cannot carry power to the external ports. 

This result shows that, under the linear small-signal assumption, the proposed circulator 

hides the intrinsic time-variant characteristics from the external ports, making it essentially 

a quasi-LTI circuit. In order to find the S-parameters, the original source currents 

 ,1 ,2 ,3, ,s s s sI I I I  are calculated first from their rotating-modes using 

          1 2 3 1 2 3

, , ,

j n j n

s n s sI e I e I
 

  
  

   . (4.19) 

Finally, the S-parameters can be calculated as follows 
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Figure 20: Analytical S-parameters at 
ctr  versus the normalized modulation parameters 

m ctr   and 
0C C . (a) RL. (b) IL. (c) IX. (d) BW. 
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Due to the circulator’s threefold rotational symmetry, the rest of the S-parameters 

can be found by rotating the indices as      1,2,3 2,3,1 3,1,2  . With proper choice of the 

circuit elements and modulation parameters, ,dV   can be designed to destructively interfere 

at one port and sum up at the other, as required to achieve infinite isolation. More 

specifically, port 3 can be isolated if  , ,1 4 3d sV V j  , which, when substituted in (4.16)

, results in the following two conditions 
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  (4.23) 

 

 
2 2 2 20

2 0 0

2 2 2
0

3

2

ctr m ctr ctr

l

ctr ctr m

QC

C


     

  

 
           

 
    

, (4.24) 

 

where 
0 ||l rQ Q Q  and  0 0 03 2rQ Z C  (recall that 

0 0 0 0Q R C  is the unloaded quality 

factor of the resonant tanks). For operation at a given frequency 
ctr , (4.23) and (4.24) can 

be used to calculate the required modulation parameters 
m  and C  to achieve infinite 

isolation. Quite interestingly, the same conditions lead to unitary transmission at the third 

port, assuming a lossless circuit. Also, from power conservation, this leads to perfect 

matching at the input port. Therefore, the proposed differential circuits allow, in the 

lossless case, to realize an ideal circulator with S-matrix given by 

 

 

0 0 1

1 0 0

0 1 0

S

 
 


 
  

. (4.25) 



 56 

 

In order to get further insight into this result, Fig. 20 shows the IL, RL, IX at the 

circulator’s center frequency 
ctrf , and the fractional BW around such frequency, versus the 

normalized modulation parameters 
tm c r   and 

0C C , assuming 
0 50Z   , 

0 70Q  , and 

1ctrf   GHz. It can be seen that indeed the required modulation parameters to optimize RL, 

IL, and IX as indicated by points 
1p , 

2p , and 
3p , respectively, are nearly the same (the 

negligible misalignment is due to the finite 
0Q ). However, the optimal point 

4p  that 

maximizes the BW is still greatly misaligned and it generally requires a larger 
mf . Recall 

that the BW was defined as the maximum frequency range to maintain a 3 dB IL and a 20 

dB IX. Obviously, the BW is maximized by trading off the values of IL, RL, and IX at the 

center frequency, similar to any other RF component such as amplifiers and filters. Since 

the BW is a more relevant metric in practice and it is even desirable to minimize the 

dispersion of the in-band IX in particular to simplify the design of the following layers of 

SIC in full-duplex systems, then we choose to design the circuit in this chapter to maximize 

it. But the capacitance ratio at 
4p  is impractical, therefore we operate at 

0 0.5C C   and 

0.1m ctrf f  , which assumes the maximum realistic capacitance variation of commercial 

off-the-shelf varactors, hence results in the best possible realistic BW, and at the same time 

is close to 
2p  where IL becomes minimum. The values of all design parameters are 

summarized in Table 2 for convenience. In such a case, Fig. 21(a) shows the analytical S-

parameters where IL, RL, and IX at the center frequency are 0.6 dB, 27.5 dB, and 31.5 dB, 

respectively, and the BW is 3.6% (36 MHz). For the sake of comparison, Fig. 21(b) shows 

the S-parameters of a single-ended circulator designed using the same modulation 

parameters where the results are clearly much worse. Specifically, IL, RL, and IX at 1 GHz 

all degrade to 2.31 dB, 21.8 dB, and 10 dB, respectively, and the BW becomes undefined 

since the minimum level of 20 dB IX is not satisfied. 
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Figure 21: Comparison between the analytical S-parameters of single-ended and 

differential STM-AM circulators. (a) Differential. (b) Single-ended. 

Fig. 22 also shows a comparison between the ANT and RX spectrums of both 

single-ended and differential circuits for a monochromatic TX excitation with an input 

frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. As expected, the differential 

circulator is IM-free which justifies the low IL of only 0.6 dB. The single-ended circuit, on 

the other hand, suffers from large –12 dBc second-order products in close proximity to the 

input frequency of 1 GHz (only 100  MHz apart), which also justifies the larger IL of 2.3 

dB and the very low IX of only 10 dB. It is worth mentioning that these remarks hold for 

input excitation at any other port or any other frequency. 
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Figure 22: Comparison between the analytical spectrums of single-ended and differential 

STM-AM circulators. (a) Differential. (b) Single-ended. 

4.3 RESULTS 

 

Figure 23: Photograph of the fabricated differential STM-AM circulator. (a) Top view. 

(b) Bottom view. 

Based on the theoretical analysis presented in Sec. 4.2, a differential voltage-mode 

bandstop/delta STM-AM circulator operating at 1 GHz was designed in Keysight ADS. 

The performance was optimized through post-layout circuit/EM co-simulations by 

combining commercially available measured S-parameters for all lumped elements with 

the layout parasitics extracted by ADS Momentum full-wave analysis. The circuit was then 
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fabricated and tested on a printed circuit board (PCB) using commercial off-the-shelf 

discrete components as listed in Table 2. Fig. 23 shows a photograph of the board and the 

circulator’s form factor is 2×(13mm×11mm). Notice that both the top and bottom sides of 

the PCB are populated, each with one single-ended circulator to have a symmetric and 

more compact layout. The measured results were obtained using the experimental setups 

discussed in Appendix A, and they are all in excellent agreement with simulations. 

 

Element\Value Theo. Sim. Meas. 

Main 

circuit 

ctrf  (MHz) 1000 1000 1000 

m ctrf f  (%) 10 10 10 

0L  (nH) 2.23 
0 70Q   

4.3 

(Coilcraft) 

4.3 

(Coilcraft) 

0C  (pF) 11.5 BBY55 

(Infineon) 

BBY55 

(Infineon) 
0C C  (%) 50 

rfL  (nH) N/R 
11 

(Coilcraft) 

11 

(Coilcraft) 

rfC  (pF) N/R 
2.2 

(Murata) 

2.2 

(Murata) 

Modulation 

network 

mV  (Vpp) N/R 3 2.3 

dL  (nH) N/R 
150 

(Coilcraft) 

150 

(Coilcraft) 

mL  (nH) N/R 
56 

(Coilcraft) 

56 

(Coilcraft) 

mC  (pF) N/R 
43 

(Murata) 

43 

(Murata) 

DC bias 

network 

dcV  (Volt) N/R 8.5 7.3 

bR  (KOhm) N/R 
100 

(KOA) 

100 

(KOA) 

bC  (pF) N/R 
1000 

(Murata) 

1000 

(Murata) 

Table 2: Values of all design parameters used in obtaining the theoretical, simulated, 

and measured results of the differential voltage-mode bandstop/delta STM-

AM circulator. 
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4.3.1 S-PARAMETERS 

Fig. 24 shows the S-parameters in magnitude and phase in different channels. The 

maximum simulated and measured tunability ranges were found to be 100 MHz and 60 

MHz, respectively. Also, the simulated IL, RL, and IX at the center frequency of all 

channels are 1.7 dB, 22 dB, and 24 dB, respectively, and the fractional BW is 2.3% (23 

MHz). Similarly, the measured IL, RL, and IX at the circulator’s center frequency of 1 

GHz are 1.78 dB, 23 dB, and 24 dB, respectively, and the fractional BW is 2.3% (23 MHz). 

Clearly, simulated and measured S-parameters are in excellent agreement, yet they are 

different than the theoretical results in Fig. 21(b). This is partially due to the additional 

parasitics of real components but more importantly because of the RF baluns which were 

neglected in the small-signal analysis of Sec. 4.2 for simplicity. The additional losses 

incurred by these baluns are estimated using circuit/EM co-simulations to be 0.5 dB each, 

which if de-embedded from the measured results, the actual IL of the differential circulator 

becomes 0.78 dB. Obviously, this is in excellent with the theoretical results of Fig. 21(b). 

To the best of our knowledge, this is the lowest IL of all passive magnetless circulators 

presented to the date of writing this dissertation. Notice that the inband transmission phase 

is also linear, similar to the single-ended circuits. 
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Figure 24: (a) Simulated S-parameters. (b) Simulated transmission phase. (c) Measured 

S-parameters. (d) Measured transmission phase. 

4.3.2 SPURIOUS EMISSION 

Fig. 25 shows the harmonic spectrums at the ANT and RX ports for a 

monochromatic TX excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  

of 0 dBm. In contrast to the linear small-signal results of Fig. 22(b), the simulated and 

measured IMPs are still finite. Specifically, the second-order spurs at 
in mf f  are both about 

–32 dBc in simulations and –29 dBc in measurements. Higher order products are also of 

the same value, approximately. Such non-zero spurious emission is mainly due to the non-
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linear CV characteristics of the varactors, as explained earlier, and also due to layout 

asymmetries, random variations in the used elements, or modulation phase errors, which 

both lead to finite imbalance between the constituent single-ended circuits. However, the 

impact of this imbalance in the design under consideration is insignificant as can be 

deduced from the fact that the measured IMPs are in good agreement with simulations 

where this issue is neglected. Compared to the single-ended design presented in Chapter 3, 

the IMPs herein are at least 17 dB smaller (=1/50), even though 
mf  was reduced from 190 

MHz to only 100 MHz. Furthermore, the contribution of parametric modulation to these 

products has become negligible, as evident by the reduction of the measured IL from 3.3 

dB to 1.78 dB. 

 

 

Figure 25: ANT and RX spectrums for a monochromatic TX excitation with an input 

frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. (a) Simulated. (b) 

Measured. 

4.3.3 POWER HANDLING AND LINEARITY 

Fig. 26(a) and Fig. 26(c) show the IL and IX versus the power 
inP  of a single input 

tone at 1 GHz. The simulated P1dB and IX20dB are both +30 dBm while the measured 
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value, also for both metrics, is +28 dBm. We also notice a peaking in IX before it starts to 

compress. This is because the capacitance variation 
0C C  at such high power levels is 

effectively reduced by the varactors’ even-order non-linearities as explained in Sec. 3.2.3 

[see Eq. (3.35) and (3.36)], hence the operation point in the design charts shown in Fig. 20 

is shifted down closer to 
3p  where IX becomes maximum. Fig. 26(b) and Fig. 26(d) also 

show the simulated and measured results of the two-tone test, respectively. The simulated 

and measured IIP3 are found to be +33.8 dBm and +31 dBm, respectively. It is worth 

mentioning that the measured P1dB of this differential circuit is 1 dB less than that of the 

single-ended design presented in Chapter 3, solely because the varactors used herein have 

a lower breakdown voltage. If the same varactor were used in both implementations, the 

differential architecture would, in fact, increase both P1dB and IX20dB by +3 dB, since 

the input power would be halved between the constituent single-ended circuits. Also, the 

reason why different varactors were used in both designs is that the modulation parameters 

m ctrf f  and 
0C C   are very different, which, in turn, requires varactors with different CV 

characteristics. Despite this artifact, the results of Fig. 26 are still amongst the largest 

compression points and highest linearity of all magnetless circulators presented to the date 

of writing this dissertation. 
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Figure 26: (a) Simulated P1dB and IX20dB. (b) Simulated IIP3. (d) Measured P1dB and 

IX20dB. (d) Measured IIP3. 

4.3.4 NOISE FIGURE 

As explained in Chapter 3, different mechanisms contribute to the NF of STM-AM 

circulators. This includes incoming noise from the RF ports, which remains the same as in 

the single-ended topologies, assuming the typical 50 Ohm termination in both cases. 

However, noise generated by the circuit itself is doubled. In fact, the voltage-mode 

topology increases it even further because of the additional loss incurred by the RF baluns. 

Notice that the current-mode topology does not have this problem, as explained earlier. 
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Amplitude and phase noise in the modulation sources also add to the total NF, yet if the 

anti-phase STM-AM bias of the constituent single-ended circulators is generated from the 

same sources, as is this case herein, then this noise becomes strongly correlated at the 

terminals of the differential ports and, therefore, cancels out. Noise folding from the IMPs 

also adds to the NF, but since the proposed differential circuits reduce these products, then 

their contribution becomes negligible. The reduction of the last two noise mechanisms, i.e., 

from the modulation sources and due to folding, is stronger than the increased thermal 

noise generated by the circuit, therefore the overall NF improves. In fact, since the 

differential circuits are passive QLTI networks, the NF should be expected to be very close 

to the IL. Indeed, Fig. 27 shows that the simulated and measured NF at 1 GHz are 2.5 dB 

and 1.8 dB, respectively, which are both nearly equal to the simulated and measured IL, 

respectively. To the best of our knowledge, this is the smallest NF of all magnetless 

circulators presented to the date of writing this dissertation. 

 

 

Figure 27: (a) Simulated NF. (b) Measured NF. 
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Chapter 5: N-Way STM-AM Circulators3 

In this chapter, we introduce the so-called N-way implementations of STM-AM 

circulators, which consist of N units of QLTI differential circulators connected either in 

series or in parallel and exhibiting a particular phase pattern between their modulation 

signals. We show that these circuits increase the overall power handling by 
23log N dB 

compared to the unit element and suppress the mixing spurs which are not separated from 

the fundamental harmonic by a multiple of 
mNf . 

5.1 THEORY 

The analysis of the differential STM-AM circulators presented in Chapter 4 shows 

that they exhibit QLTI characterestics, at least in theory. This result, however, was found 

under several assumptions, namely, (i) the involved elements are all linear, (ii) the 

modulation scheme is exactly sinusoidal, (iii) the constituent single-ended circuits are 

identical and perfectly balanced, and (iv) all phases are accurately synchronized. In reality, 

these assumptions are nearly impossible to be satisfied. For instance, if varactors are used 

to achieve the modulation as in Chapter 3 or Chapter 4, the CV characteristics of such pn 

junctions are known to be exponentially non-linear, which violates the first assumption. 

Similarly, switched caps, while they reduce the complexity of the biasing and modulation 

network as will be explained in more detail in Chapter 7, they still exhibit strong non-

linearity due to the switches’ non-linear on-resistance and off-capacitance. Furthermore, 

the capacitance variation of switched caps is quantized which produces finite IMPs of all 

orders regardless of the elements’ linearity. On the other hand, inevitable layout 

asymmetries, parasitics and random variations in the elements, and phase errors between 

                                                 
3 The content of this chapter is published in [39]. 
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the modulation signals, can easily perturb the differential balance and further contribute to 

the generation of finite spurs. Lastly, the modulation signals themselves, or their higher-

order harmonics resulting from non-linearities, may also leak to any of the circulator’s 

ports, thus contaminating the spectrum even more. These remarks are manifested in Fig. 

28, which depicts the simulated spectrums from DC to 2 GHz at the ANT and RX ports of 

the voltage-mode bandstop/delta topology for a monochromatic TX excitation with an 

input frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. Notice that the same results 

were presented in Fig. 25 in Chapter 4 but over a much narrower frequency range, i.e., 

from 750 MHz to 1250 MHz, since the goal therein was to investigate the impact of 

reducing the second-order IMPs, due to time-variation specifically, on the S-parameters 

and the required modulation frequency. In this chapter, however, the entire spurious 

emission is of major concern and it must be suppressed below the noise floor, which does 

not have a considerable impact on the S-parameters or the modulation frequency per se, 

but is crucial to comply with the spectral mask regulations of commercial systems. Fig. 28 

shows that the spectrums are indeed contaminated with many spurs, the largest of which 

are about –21 dBc at 
mf  and –25 dBc at 3 mf , where 100mf  MHz. These are essentially 

the modulation leakage and its third-order harmonic, respectively. Also, the second-order 

harmonic at 2 mf  is –34 dBc. On the other hand, several of the IMPs at 
in mf kf  are also 

quite large. Specifically, the second-order spurs at 
in mf f  and 

in mf f  are –41 dBc and –30 

dBc, respectively, the third-order spurs at 2in mf f  and 2in mf f  are –30 dBc and –27 dBc, 

respectively, the fourth-order spurs at 3in mf f  and 3in mf f  are –41 dBc and –38 dBc, 

respectively, and the fifth-order spurs at 4in mf f  and 4in mf f  are –41 dBc and –40 dBc, 

respectively. The rest of the IMPs are all less than –54 dBc and, at the same time, are 

sufficiently far from the circulator’s center frequency 
ctr inf f , therefore, they can be 

rejected with filters. Similarly, the modulation leakage and its high-order harmonics can 
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be filtered out. Nevertheless, the necessity of using filters to reject these spurs is in general 

a drawback as it increases the overall size and cost considerably. Furthermore, the first few 

IMPs are much more challenging to be filtered out since they are closer to 
ctrf . 

 

Figure 28: Simulated spurious emission at the ANT and RX ports of a voltage-mode 

bandstop/delta topology for a monochromatic TX excitation with an input 

frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. 

In addition to this strong spurious emission, non-linearities also lead to finite power 

handling. In fact, all magnetless circulators presented to the date of writing this dissertation 

are more or less limited to about 1 Watt input power. Quite interestingly, this value was 

claimed in many previous works based on IL compression solely, which is misleading since 

IX also compresses as explained in Chapter 3 and Chapter 4, and IX20dB might, in general, 

be smaller than P1dB. Recall that P1dB and IX20dB were defined in Chapter 3 as the 

maximum input powers that maintain an IL and IX compression less than 1 dB and 20 dB, 

respectively. For an accurate description of the circulator’s power handling, we pitch a new 

benchmark metric so-called Pmax, which is defined as follows  

  Pmax min P1dB, IX20dB BO  , (5.1) 
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where BO is an additional back-off power to maintain the mixing spurs below a certain 

level, lest they saturate the RX frontend even if it is sufficiently isolated from the 

fundamental haromonic. 

 

 

Figure 29: N-way STM-AM circulator. (a) Parallel interconnection. (b) Series 

interconnection. 
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In order to maximize Pmax and suppress the spurious emission, we introduce herein 

the so-called N-way STM-AM circulators, which consist of N circulator units, either 

connected in parallel or in series as shown in Fig. 29(a) and Fig. 29(b), respectively, and 

the modulation scheme is as follows 

    0

2 2
cos 1 1

3
n mC C C t n i

N

 

 

      
 

, (5.2) 

where 1:i N  is the unit index and 1:3n  is the tank index in the i-th unit. To simplify the 

design procedure of such circuits, the unit circulator is assumed to be differential rather 

than SE. The reason is that the IMPs of the differential circuit are already below a sufficient 

level, i.e., –30 dBc, which guarantees that the S-parameters of all units, when 

interconnected together, are not perturbed by loading effects. In other words, IMPs of 

different orders do not interact with each other and the impact of their cancellation on the 

fundamental harmonic is minimal, hence the overall S-parameters of the combined network 

remain almost identical to those of the unit element. This, in turn, simplifies the design 

procedure of the N-way circuit by allowing to optimize the individual unit element 

separately. Hence, the operation of the N-way circulator can be explained by tracking the 

individual transmissions through the already-known stages as follows. First, the input 

power is split amongst N paths, either through a transformer followed by a current splitter 

(which is simply a nodal connection) as in Fig. 29(a), or through a power divider/combiner 

as in Fig. 29(b). The N portions of the input signal are then routed by the identical circulator 

units in the same direction, while exhibiting the same dispersion. Finally, the signals are 

summed up again at the output ports. Also, the impedance transformers in Fig. 29(a) have 

a down conversion ratio of N  in order to match the 
0Z  ports to the 

0Z N  impedance of 

the parallel-interconnected units. In Fig. 29(b), however, the units are combined through 

power dividers/combiners which are already matched at all ports to 
0Z , hence impedance 
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transformation is not required. Based on this discussion, we reckon that the overall power 

handling would increase by 
23log N  dB. On the other hand, thanks to the phase pattern of 

(5.2), the IMPs at 
in mkf lf , where 

inf  and 
mf  are the input and modulation frequencies, 

respectively, and k and l are positive integers, would exhibit a phase increment of 

 1 2l i N   at the i-th branch. Therefore, the summation of these products at any port is 

proportional to  1 2

1

N
j l i N

i

e
   



 , which yields zero for any l  that is not a multiple integer of 

N . In other words, in ideal N-way circulators, IMPs occur at an 
mNf  interval from 

inf . In 

the next section, we present detailed results that validate these remarks. 

5.2 RESULTS 

In this section, we present a detailed comparison between the results of a 1-way, a 

2-way, a 4-way, and an 8-way STM-AM circulator, based on the schematic of Fig. 29(a). 

The required impedance transformers for 1N   are built using a CLC π-section of a 4  

TL transformer. Also, in all four cases, the unit element is built using the voltage-mode 

bandstop/delta topology [see Fig. 19(a)], which was experimentally validated in Chapter 4 

with excellent agreement between the simulated and measured results of all metrics. 

Therefore, we reckon that simulations are sufficient to validate the N-way circuits in this 

chapter. It is worth emphasizing that in obtaining the following results, we extracted the 

layout parasitics using a full-wave simulation and combined them with commercially 

available full non-linear spice models of all involved elements to perform circuit/EM co-

simulations in Keysight ADS. Furthermore, we introduced a random phase error in the 

phases of (5.2) with a maximum value of 5  deg to account for inevitable 

desynchronization (or dephasing) of the modulation signals in practice. 
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Figure 30: Simulated S-parameters. (a) 1-way. (b) 2-way. (c) 4-way. (d) 8-way. 

 

Fig. 30 shows the S-parameters of all 1-way, 2-way, 4-way, and 8-way circuits. The 

IL, RL, and IX of the 1-way circuit at the center frequency ctrf = 1 GHz are 1.7 dB, 22 dB, 

and 24 dB, respectively. The 2-way, 4-way, 8-way circulators all result in nearly the same 

values of RL and IX but IL increases to 2 dB at ctrf  due to the additional losses incurred 

by the impedance transformers. Such transformers also change the dispersion of the S-

parameters, particularly RL and IX, thus increasing the BW from 2.3% (23 MHz) in the 1-

way circuit to 2.6% (26 MHz) in the 2-way circuit and finally to 3% (30 MHz) in both the 

4-way and 8-way circuits. 
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Figure 31: Simulated spurious emission. (a) 1-way. (b) 2-way. (c) 4-way. (d) 8-way. 

Fig. 31 also shows the spectrums at both the ANT and RX ports for a 

monochromatic TX excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. As explained in Sec. 5.1, the spectrums of the 1-way circuit, shown again in 

Fig. 31(a) for convenience, are contaminated with many spurs, either due to the leakage of 

the modulation signals and their higher-order harmonics or due to their mixing with the 

input signal resulting in IMPs close to the center frequency 
ctrf . The 2-way circulator 

reduces all even-order IMPs, i.e., 
in mf f , 3in mf f , 5in mf f , ..etc, maintaining them below 

–55 dBc, as shown in Fig. 31(b), which is about 25 dB improvement compared to the 1-
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way circuit. The modulation leakage at 
mf  is also reduced from –21 dBc to –48 dBc and 

the third-order harmonic at 3 mf  is reduced from –25 dBc to –48 dBc. It is worth 

emphasizing that these improvements are only limited by the inevitable phase errors and 

layout asymmetries. Should these non-idealities be reduced, the even-order IMPs and the 

odd-order harmonics of the modulation leakage would all approach the noise floor. 

Nevertheless, the 2-way circulator does not impact the odd-order IMPs, including the large 

spurs at 2in mf f , nor the second-order harmonic of the modulation signals at 2 mf . In fact, 

these spurs increase by about 1~3 dB compared to the 1-way circuit because of the 

afotrementioned non-idealities. This problem is solved by the 4-way ciurclator which 

reduces the IMPs at 2in mf f  to –58 dBc and the second-order harmonic of the modulation 

signals at 2 mf  to –65 dBc, as shown in Fig. 31(c). Notice that the IMPs at 4in mf f  are 

almost not affected, as expected. These spurs can be suppressed by the 8-way circulator 

which maintains all IMPs and modulation leakage spurs below –60 dBc and –50 dBc, 

respectively, as shown in Fig. 31(d). As one may expect, a 16-way circulator would clean 

the spectrums even further, but this comes at the expense of increasing the overall size and 

the power consumed in generating the modulation signals considerably, therefore an 8-way 

circulator is arguably the optimal choice in reality. Also, as mentioned earlier, the 

performance of an N-way circulator, for a given N, would automatically improve if the 

layout symmetry is enhanced and the phase relation of (5.2) is tightly enforced. 
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Figure 32: Simulated P1dB and IX20dB. (a) 1-way. (b) 2-way. (c) 4-way. (d) 8-way. 

Fig. 32 shows the IL and IX versus the input power 
inP . Based on the definition of 

Pmax pitched in (5.1) and neglecting BO, the 1-way, 2-way, 4-way, and 8-way circulators 

result in Pmax of +30 dBm, +33 dBm, +36 dBm, and +39 dBm, respectively. Notice that 

the assumption of zero BO is exact in the 4-way and 8-way circuits, since the spurious 

emission is drastically reduced, hence there is no need for any backoff in these cases. As 

expected, Pmax increases by +3 dB for each doubling of the unit elements.  
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Figure 33: Simulated IIP3. (a) 1-way. (b) 2-way. (c) 4-way. (d) 8-way. 

Fig. 33 also shows the output power at the ANT port for a two-tone excitation at 

the TX port, each at 0 dBm and separated by 1 MHz. The IIP3 achieved by the 1-way, 2-

way, 4-way, and 8-way circulators are +34 dBm, +37 dBm, +40 dBm, +43 dBm, 

respectively. 
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Figure 34: Simulated NF. (a) 1-way. (b) 2-way. (c) 4-way. (d) 8-way. 

 

Finally, Fig. 34 shows the RX NF. The minimum NF of the 1-way circulator, at the 

center frequency of 1 GHz, is 1.8 dB and it increases to 1.9 dB at the edges of the 2.3% 

bandwidth (highlighted in grey). On the other hand, the 2-way circuit results in a minimum 

NF of 2.25 dB at 1 GHz and it increases to 2.35 dB at the edges of the 2.6% bandwidth. 

Also, the 4-way and 8-way circulators both result in a minimum NF of 2.2 dB at 1 GHz 

and it increases to 2.3 dB at the edges of the 3% bandwidth. Similar to the IL, NF of the 2-

way, 4-way and 8-way circuits is larger than that of the 1-way circuit because of the 

additional losses incurred by the impedance transformers. Also, NF of the 4-way and 8-

way circulators results is identical to the IL, thanks to the drastic reduction of the IMPs 
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which, in turn, reduces the noise folding into the fundamental bandwidth. For convenience, 

the previous results are all summarized in Table 3. 

 

Metric\Circulator 1-way 2-way 4-way 8-way 

Cent. freq. (MHz) 1000 1000 1000 1000 

Mod. freq. (%) 10 10 10 10 

BW (%) 2.3 2.6 3 3 

IX (dB) >20 >20 >20 >20 

IL (dB) <1.8 <2.3 <2.3 <2.3 

RL (dB) >20 >20 >20 >20 

P1dB (dBm) +30 +33 +36 +39 

IX20dB (dBm) +32 +35 +38 +41 

IIP3 (dBm) +34 +37 +40 +43 

NF (dB) <2.35 <2.33 <2.3 <2.3 

IMPs (dBc) 

–27 @ 

0 2 mf f  

–27 @ 

0 2 mf f  

–36 @ 

0 4 mf f  
<–62 

–30 @ 

0 2 mf f & 0 mf f  

–31 @ 

0 2 mf f  

–50 @ 

0 4 mf f  

Mod. leakage (dBc) 

–21 @ mf  –34 @ 2 mf  –44 @ 3 mf  –52 @ 3 mf  

–25 @ 3 mf  –40 @ 3 mf  –54 @ mf  –56 @ mf  

–35 @ 2 mf  –47 @ mf  –65 @ 2 mf  –69 @ 2 mf  

Table 3: Comparison between the simulated results of 1-way, 2-way, 4-way, and 8-

way STM-AM circulators. 
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Chapter 6: Broadband STM-AM Circulators4 

In this chapter, we derive a theoretical bound on the BW of STM-AM circulators 

for a given modulation frequency, and present a technique to approach this bound using 

passive matching networks. We validate the analysis with simulated and measured results, 

depicting a wide BW of 140 MHz at a center frequency of 1 GHz and using a modulation 

frequency of 100 MHz. 

6.1 THEORY 

 

Figure 35: (a) Generic block diagram of an STM-AM circulator connected to the 50 Ohm 

TX, ANT, and RX ports through identical two-port passive networks. (b) 

Replacing the two-port networks and the 50 Ohm ports with their Thevenin’s 

equivalent impedances and sources. 

                                                 
4 The content of this chapter is published in [40]. 
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Based on the results presented in previous chapters, one can predict that the 

instantaneous BW of STM-AM circulators, either single-ended or differential, is limited 

by the modulation frequency 
mf , the loaded quality factor 

lQ  of the resonant junction, and 

the order of the constituent resonators. For example, first-order resonators, i.e., series or 

parallel LC tanks, with 10~20% modulation frequency and 50 Ohm termination led to a 

BW of about 3~4% at best. One solution to improve this further is to increase 
mf  but this 

would increase power consumption, prohibit the use of thick-oxide low-speed technologies 

that could handle high power, and complicate scaling the center frequency to the mm-wave 

bands and beyond. Therefore, it is in general desirable to keep 
mf  relatively small and 

adopt another approach to increase the BW. For example, transformers can be used to 

change the port impedances such that the loaded quality factor of the resonant junction is 

reduced and, consequently, the BW is broadened. However, parametric studies show that 

the required modulation amplitude in this case must increase considerably in order to lift 

the degeneracy of the rotating modes, which, in turn, increases power consumption and 

complicates the generation of the modulation signals themselves, especially in multi-

phases. Alternatively, one could increase the order of the constituent resonators so that the 

junction supports more modes (two degenerate modes at each pole) which, consequently, 

can be designed to provide IX over a wider BW. While this is indeed a viable option, the 

main challenge is that it increases the circuit’s complexity and size considerably. 

Furthermore, none of all these approaches guarantees that the maximum possible BW for 

given values of 
mf  and 

lQ  and a particular order of the junction’s resonance is achieved. 

In order to find the optimal solution, we must derive first a global bound on the maximum 

possible BW as a function of the constituent elements and parameters. This, in turn, will 

give us an insight into the optimal technique to approach this bound, as we demonstrate 

next. 



 81 

6.2 ANALYSIS 

6.2.1 NARROWBAND JUNCTION 

Fig. 35(a) shows a generic block diagram of an STM-AM circulator connected to 

the 50 Ohm TX, ANT, and RX ports through identical two-port passive networks. Notice 

that the passivity assumption of the two-port network is essential to allow signal flow in 

opposite directions at the ANT terminal, i.e., TX-to-ANT and ANT-to-RX. Using 

Thevinin’s equivalence, the circuit can be redrawn as shown in Fig. 35(b) where the two 

port networks and the 50 Ohm ports are replaced by the equivalent voltage sources 

 ,1 ,2 ,3, ,s s s sV V V V  and the characteristic impedance 1c cZ Y which is generally complex and 

frequency dispersive. The circulator is also presumed IM-free such that its S-parameters 

are not perturbed by loading effects regardless of the circuit implementation of the two-

port network. In other words, the junction must, in general, be an N-way circulator. Recall 

that in such circuits, the unit element was presumed differential for similar reasons. In this 

case, the junction becomes LTI and it can be characterized independently of its port 

terminations using, for example, the Y-parameters, which can be calculated as follows 

    
11 31 21

1

0 21 11 31

31 21 11

J J J

Y Y Y

Y Y U S U S Y Y Y

Y Y Y


 
 

   
 
  

, (6.1) 

where 
0 01Y Z , U  is the unitary matrix, and JS  is the S-matrix of the junction. Notice 

that both the S- and Y-matrices are cyclic-symmetric thanks to the three-fold symmetry of 

STM-AM circulators. Using Kirchhoff’s laws, the port voltages  1 2 3, ,V V V V  depicted in 

Fig. 35(b) can be related to the voltage sources 
sV  as follows 

  
1

c J sV U Z Y V


  . (6.2) 
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Figure 36: Analytical S-parameters of a current-mode bandpass/wye junction based on 

the values provided in Table 4. 

Substituting (6.1) into (6.2) and assuming that only port 1 is excited, i.e., 

 ,1 , 0,0s sV V , yields 

 

  

 

2

11 21 311

3 2 2
,1

11 11 21 313 3

c

c

s
c c c

Y Y Y YV
Y

V Y Y Y Y Y Y Y Y

 


   

  (6.3) 

  

 

2

31 11 212

3 2 2
,1

11 11 21 313 3

c

c

s
c c c

Y Y Y YV
Y

V Y Y Y Y Y Y Y Y

 


   

  (6.4) 

  

 

2

21 11 313

3 2 2
,1

11 11 21 313 3

c

c

s
c c c

Y Y Y YV
Y

V Y Y Y Y Y Y Y Y

 


   

, (6.5) 

 

where 3 3 3

11 21 31 11 21 313Y Y Y Y Y Y Y    . For proper operation of the circulator, IX of the combined 

network is required to be larger than 20 dB at least, therefore we can assume 
3 0V  , then 

(6.5) yields 
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2

21

11

31

c

Y
Y Y

Y
  . (6.6) 

Equation (6.6) gives the theoretical port termination needed to maintain an infinite 

IX by the combined network at all frequencies. Obviously, this is not physically possible 

for it violates causality. Therefore, (6.6) can be synthesized only over a limited frequency 

range around the junction’s center frequency 
ctrf . In fact, since 

cY  must be passive as 

explained earlier, one can expect this limitation is essentially due to its real part becoming 

negative beyond a certain BW. To investigate this hypothesis, let us consider an example 

where the junction is realized using the current-mode bandpass/wye topology (see 

Appendix B). Notice that this is essentially an N-way circulator with 1N  , therefore the 

LTI assumption is preserved. Using the values of all elements and modulation parameters 

summarized in Table 4 and the analytical results of the current-mode bandpass/wye 

topology provided in Appendix B, the S-parameters of such circuit are depicted in Fig. 36. 

The center frequency 
ctrf  in this example is 1 GHz and the instantaneous BW of the junction 

is 4%. Also, IL, RL, and IX at 
ctrf  are 0.74 dB, 22 dB, and 60 dB, respectively. The Y-

matrix of such junction can be found using (6.1), then the characteristic admittance 
cY  can 

be calculated using (6.6), which yields the results shown in Fig. 37. At the center frequency 

ctrf , 
cY  is almost real and equal to 

0Y . Recall that 
cY  is the required termination to achieve 

infinite IX at all frequencies, and since its value at 
ctrf  is already satisfied by the 50 Ohm 

ports themselves, then IX indeed becomes infinite at 
ctrf . At other frequencies, however, 

cY  is not equal to 0Y , hence the IX decreases. Interestingly, the real part of cY  becomes 

negative at ctr mf f , as we initially expected. The same result can be obtained for any other 

implementation of the junction, therefore the BW of STM-AM circulators is in general 

limited to 2 mf , i.e., 

 BW 2 mf . (6.7) 
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Figure 37: Normalized real and imaginary parts of the characteristic admittance cY  

versus frequency. 

Fig. 37 also shows that the imaginary part of cY  is non-foster, i.e., its slope is 

negative, within the BW limit of (6.7). Since the synthesis of non-foster impedances using 

passive elements can only be achieved approximately and over a limited frequency range, 

one would expect that there is another restriction on the BW. In order to find such limit, 

we first need to calculate the input admittance inY  at any of its terminals, say terminal 1, 

when the other two terminals, terminals 2 and 3, are terminated with cY . From the definition 

of the Y-matrix itself, the current at terminal 1 is given by 

 1 11 1 21 1 31 3I Y V Y V Y V   . (6.8) 

 Recalling that 3 0V  , then inY  can be calculated as follows 

 1 2

11

1 1

in

I V
Y Y

V V
   . (6.9) 

 Substituting (6.6) into (6.3) and (6.4) also yields 
2

2 1 31 21V V Y Y  . Therefore, (6.9) 

reduces to 
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2

311

11

1 21

in

YI
Y Y

V Y
   . (6.10) 

Furthermore, since the junction is passive and LTI, then 

 
1

0
N

n

n

P


 , (6.11) 

where n is the port index and nP  is the input power at the n-th port. Equation (6.11) can be 

rewritten in a matrix form as follows 

  †Re 0V I  , (6.12) 

where  1 2 3, ,V V V V  and  1 2 3, ,I I I I  are the vectors of the voltages and currents at the 

junction’s terminals, respectively, and †  is the conjugate transpose operator. Substituting 

for I YV  into (6.12) and assuming a lossless and cyclic-symmetric junction, then (6.12) 

simplifies to 

 *

11 11 0Y Y    (6.13) 

 *

21 31 0Y Y  . (6.14) 

Substituting (6.13) and (6.14) into (6.10) results in 

 
 

2
*

21* *

11 *

31

in c

Y
Y Y Y

Y
    . (6.15) 
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6.2.2 MATCHING FILTERS 

 

Figure 38: Synthesis of the two-port network in Fig. 37(a) using an LC bandpass filter 

loaded with an admittance *

cY  and designed to minimize the reflection 

coefficient   from a 50 Ohm source. 

Equation (6.15) implies that broadening the BW of a narrowband non-reciprocal 

junction is essentially a conjugate matching problem. In other words, the synthesis of cZ  is 

exactly the same as matching a source with an impedance 0Z  to a load with an impedance 

*

cZ , as depicted in Fig. 38. If the losses of the matching network are neglected, then 

matching the output impedance to the load is equivalent to matching the input impedance 

to the 50 Ohm source, or equivalently, minimizing the input reflection coefficient  . 

Furthermore, since the load impedance *

cZ  is resonant at a center frequency ctrf  [see Fig. 

37], then the matching circuit can be designed using an LC bandpass filter, also centered 

at ctrf . From conventional filter theory, it is well known that the BW of bandpass filters is 

bounded by the Bode-Fano criterion, i.e.,   can be maintained below a certain threshold 

only over a limited frequency range. To find such limit, a circuit model for the admittance 

*

cY  is required. By inspection of Fig. 37, a first-order model can be constructed using a 

simple series RLC tank, where the values of its elements are given by 

 
ctr

c cR Z
 

  (6.16) 
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 0.5

ctr

c

c

dZ
L

d  


  (6.17) 

 
2

1
c

ctr c

C
L

 . (6.18) 

The Bode-Fano criterion then requires 

 
0

1
ln c

c

R
d

L




  
   

 . (6.19) 

Notice that the circulator’s RL is also related to   as follows 

  10RL 20log   . (6.20) 

For an IL less than   and an IX larger than  , power conservation requires 

  20 20

10RL 20log 1 10 10        , (6.21) 

where power dissipation was neglected for simplicity. For 3   dB and 20   dB, a simple 

substitution in (6.21) yields 14.33   dB. Assuming brickwall matching with a constant 

reflection coefficient   inside the BW and unity elsewhere, then (6.19) yields 

 
 

BW
ln 1

ctr

c

f

Q




 , (6.22) 

where 
1 ctr c

c

ctr c c c

L
Q

R C R




  . From (6.7) and (6.22), we get 

 
 

BW min ,2
ln 1

ctr

m

c

f
f

Q





  
  

  

. (6.23) 
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Figure 39: Maximum BW of the STM-AM circulator versus the modulation parameters 

0mf f  and 0C C  based on (6.23). 

Equation (6.23) provides a global bound on the BW of STM-AM circulators. For 

the special case under consideration where the junction is designed based on the current-

mode bandpass/wye topology, Fig. 39 shows the impact of changing the modulation 

parameters on this bound. The colorful portion of the figure depicts the possible 

combinations of 0mf f  and 0C C  that could achieve an overall IX larger than 20 dB and 

a total IL less than 3 dB. Other combinations, however, as depicted by the white region 

cannot meet these specifications, hence the BW in this case is not defined. Within the valid 

range, there is also an optimal one-to-one mapping between the modulation parameters that 

maximizes the BW, as indicated by the red line. As an example, for 0 11%mf f  , the optimal 

0C C  is 0.28 and the maximum possible BW is about 15%. In order to approach this limit 

without increasing the overall IL considerably, the order of the bandpass filters should be 

kept small (<3 in practice). Assuming a second-order filter and initially ignoring losses to 

simplify the design, the input impedance inZ  seen by the 50 Ohm ports in Fig. 38 can be 

calculated as follows 
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, (6.24) 

where 

 1 1

1

1
Y j C

L




 
  

 
 (6.25) 

 2 2

2

1
Z j L

C




 
  

 
, (6.26) 

and kL  and kC  are the inductance and capacitance of the ladder’s k-th branch, respectively, 

where 1k   at the side of *

cY . Assuming a Chebyshev response, since it gives larger BW 

than Butterworth’s while Elliptic and other responses are not worth the additional 

complications as noted by Fano himself, then the filter elements can be calculated by 

enforcing the impedance conditions 

   02in cZ f f Z  , (6.27) 

where 
 e 0R 0cYcf f f


   is the resonant frequency of cY  and f  is chosen numerically to 

maximize the circulator’s BW and approach the bound given by (6.23).  
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6.2.3 COMBINED NETWORK 

 

Figure 40: Complete schematic of a broadband STM-AM circulator based on a current-

mode bandpass/wye circuit and second-order matching filters. 

 

 

Figure 41: Signal-flow graph of the broadband STM-AM circulator shown in Fig. 35(a). 
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Element\Value Theo. Sim. Meas. 

Main 

circuit 

ctrf  (MHz) 1000 1000 1000 

m ctrf f  (%) 11 11 11 

0L  (nH) 25 
0 70Q   

24 

(Coilcraft) 

24 

(Coilcraft) 

0C  (pF) 1.2 SMV2022 

(Skyworks) 

SMV2022 

(Skyworks) 
0C C  (%) 54.4 

Filters 

1L  (nH) 1.76 
2.4 

(Coilcraft) 

2.4 

(Coilcraft) 

1C  (pF) 15.6 
7.8 

(Murata) 

7.8 

(Murata) 

2L  (nH) 10.4 
11 

(Coilcraft) 

11 

(Coilcraft) 

2C  (pF) 3.9 
2.5 

(Murata) 

2.5 

(Murata) 

Modulation 

network 

mV  (Vpp) N/R 6.2 6.2 

dL  (nH) N/R 
68 

(Coilcraft) 

68 

(Coilcraft) 

mL  (nH) N/R 
220 

(Coilcraft) 

220 

(Coilcraft) 

mC  (pF) N/R 
5 

(Coilcraft) 

5 

(Murata) 

DC bias 

network 

dcV  (Volt) N/R 8 8 

bR  (KOhm) N/R 
100 

(KOA) 

100 

(KOA) 

bC  (pF) N/R 
1000 

(Murata) 

1000 

(Murata) 

Table 4: Values of all design parameters used in obtaining the theoretical, simulated, 

and measured results of the broadband current-mode bandpass/wye STM-AM 

circulator. 

As an example, we rely on the analytical expression in previous Sections to design 

a broadband circulator at 1 GHz. Fig. 40 shows the complete schematic of the circuit and 

the values of all elements are summarized in Table 4. The S-parameters can be calculated 
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using signal-flow graph analysis as depicted in Fig. 41, where na  and nb  are the incident 

and reflected wave amplitudes at the n-th port, respectively, 11s , 21s , 31s  are the S-parameters 

of the junction, and r , t , and m  are the S-parameters of the matching filters which are 

given by 
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  (6.28) 
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  (6.29) 
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. (6.30) 

Using Mason’s gain formula, the S-parameters of the combined network can be 

calculated as follows 

  2 2 2 3 21

11 22 33 11 21 31 11 21

2 1
1S S S r m s m s s t s t m s t


      

  
  (6.31) 

  2 2

21 32 13 21 11 31

1
1S S S m s s t s t      

  (6.32) 

  2 2

31 12 23 31 11 21

1
1S S S m s s t s t      

, (6.33) 

where 

  2 2 2

1 11 11 21 311 2s t s t s s t       (6.34) 

    3 3 2 2 3 2 3 3

11 11 11 21 31 11 21 31 211 3 3 3 3s t s t s s s t s t s s t s t        . (6.35) 
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Figure 42: Analytical S-parameters of the broadband STM-AM circulator based on the 

design parameters provided in Table 4. (a) Magnitude. (b) Phase. 

Based on these results, Fig. 42 shows the analytical S-parameters of the circuit in 

Fig. 40. Clearly, the IX follows a second-order Chebyshev response as expected with two 

notches at 972 MHz and 1045 MHz and an in-band ripple less than 20 dB. Furthermore, 

the achieved BW is 11% which is about 2.5 times larger than the narrowband junction’s 

4% and at least 4.5 times larger than the results reported in previous chapters. This value 

can be improved further, approaching the limit of 15% predicted from Fig. 39, by relaxing 

the conditions in (6.27) and not necessarily requiring IX to be infinite at any in-band 

frequency, as long as it is still larger than 20 dB. This will be demonstrated through 

simulations in the next section while taking into account the neglected dissipation and 

parasitics of all elements. 
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6.3 RESULTS 

 

Figure 43: Photograph of the fabricated broadband STM-AM circulator. (a) 

Top side. (b) Bottom side. 

Thus far, the filters’ dissipation was neglected. In practice, this nuisance not only 

degrades IL, but it also distorts the filter characteristics, hence the synthesized IX 

dispersion is perturbed. In order to account for these effects, circuit/EM co-simulations 

were performed in Keysight ADS while tweaking the design parameters to compensate for 

all parasitic effects, thus resulting in the final values summarized in Table 4. Fig. 43 shows 

a photograph of the fabricated board and the measured results were taken using the same 

experimental setups in Appendix A. 

 

Figure 44: S-parameters of the narrowband junction. (a) Simulated. (b) Measured. 
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Fig. 44(a) and Fig. 44(b) show the simulated and measured S-parameters, 

respectively, of the narrowband junction (without filters). The simulated BW is 4.1% (41 

MHz), within which IX is larger than 20 dB, IL varies from 1.5 dB to 1.75 dB, and RL is 

less than 16 dB. Similarly, the measured BW is about 4% (40 MHz), within which TX-to-

RX IX is larger than 20 dB, TX-to-ANT IL is less than 2.2 dB, ANT-to-RX IL is less 2.3 

dB, while ANT RL and TX RL are less than 14.6 dB and 14 dB, respectively. Simulated 

and measured results are in fair agreement although the measured IL is about 0.5~0.6 dB 

larger than the simulated value due to inaccuracies in the commercially available spice 

models of the used components. Also, the measured S-parameters exhibit finite asymmetry, 

e.g., TX-to-ANT IL and ANT-to-RX IL are different, due to finite tolerances and random 

parasitics of the components and asymmetries in the layout. 

 

Figure 45: S-parameters of the broadband network. (a) Simulated. (b) Measured. 

Fig. 45(a) and Fig. 45(b) show a comparison between the simulated and the 

measured S-parameters, respectively, of the broadband STM-AM circulator, i.e., after 

adding the filters. The simulated and measured BW are 12% (120 MHz) and 14% (140 

MHz), respectively, i.e., the circulator’s BW increased by a factor of three, approximately, 

compared to the narrowband junction. Also, the simulated in-band TX-to-ANT IL and the 
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ANT-to-RX IL both vary from 2.5 dB at the center frequency to 4 dB at the band edges 

while ANT RL and TX RL both vary from 33.4 dB to 11 dB. Compared to the narrowband 

junction, IL of the broadband circuit increases by about 1 dB due to the added filters (each 

filter contributes 0.5 dB) while degradation at the edges is larger simply because the 20 dB 

IX BW has increased. Should IL be limited to 3 dB as required in practice, then the BW 

effectively reduces to 7.4% which is still 1.85 times larger than the junction’s BW. This 

problem can be mitigated by using distributed elements, at the expense of increasing the 

form factor. Similarly, the measured in-band TX-to-ANT IL varies from 4.2 dB to 5.8 dB, 

ANT-to-RX IL varies from 4.25 dB to 5.5 dB, TX-to-RX IX is larger than 20 dB, while 

ANT RL and TX RL are larger than 11.7 dB and 12.6 dB, respectively. Compared to the 

simulated results, the higher measured IL is mainly due to model inaccuracies, particularly 

of the varactors which exhibited lower quality factor than presumed by their spice model 

in simulations. More importantly, the finite tolerance of the lumped elements in the filters 

distorts their characteristics and increases reflections, thus further degrading the overall IL. 

These problems can be overcome by improving the layout symmetry and incorporating 

more accurate spice models, particularly of the varactors. It is also worth mentioning that 

the impact of the presented BW extension technique on Pmax, IIP3, and spurious emission 

is negligible. Therefore, these metrics are strictly determined by the narrowband junction, 

which was discussed in detail in previous chapters. The NF, on the other hand, degrades in 

proportion to the additional losses incurred by the filters. Therefore, improving the overall 

IL as explained earlier would improve the broadband circulator’s NF as well. 
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Chapter 7: CMOS Integrated STM-AM Circulators5 

In this chapter, we present the first integrated circuit (IC) implementation of STM-

AM circulators. In contrast to the designs presented in all previous chapters, the varcaps 

are realized herein using switched capacitors instead of varactors, which reduces the circuit 

complexity significantly and eases its chip-scale implementation. We also use an in-house 

so-called composite Floquet scattering matrix (CFSM) numerical method to expedite the 

study of the impact of inevitable parasitics and clock non-idealities on the overall 

performance. We further validate the design with simulated and measured results using a 

standard 180 nm CMOS technology. Compared to discrete implementations, the presented 

CMOS circulator chip reduces the size by an order of magnitude and occupies a total area 

of 36 mm2. 

7.1 DESIGN 

 

Figure 46: Implementation of the varacp using: (a) Varactors. (b) N periodically 

switched capacitors. (c) BFSK switched capacitor. 

                                                 
5 The content of this chapter is published in [41]. 
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In all previous chapters, the implementations of STM-AM circulators were based 

on PCB technology and discrete components, which limits their size and cost reduction 

and prohibits their large-scale production. In order to overcome this problem, an IC 

implementation is highly desirable. But to achieve this goal, the designs presented earlier 

must be revised and modified to accommodate the rules and restrictions of IC technologies. 

For example, the varcaps were implemented thus far using a pair of common-cathode 

varactors, while injecting the DC bias and the modulation signals to the common node 

through low-pass filters, as shown in Fig. 46(a). While such implementation does indeed 

result in excellent performance using discrete components as demonstrated in previous 

chapters, it actually suffers from several issues that complicate its CMOS integration. First 

and foremost, the varactors’ low-pass filters require using multiple lumped elements with 

considerably large values, e.g., inductors in the order of hundreds of nH, which cannot be 

integrated on a chip. Furthermore, the required modulation index to achieve sufficient 

isolation can in general be quite large, i.e., in the order of 50%. While discrete varactors 

can achieve such value and maintain a high quality factor at the same time, it is impossible 

to attain similar performance using standard CMOS components. These problems can be 

overcome by replacing the varactors with N periodically switched capacitors, as shown in 

Fig. 46(b). Such implementation not only eliminates the complicated biasing networks of 

varactors and permits arbitrarily large modulation indices, but it also replaces the sinusoidal 

signals with digital clocks which are easier to generate in multiple phases and are less 

sensitive to amplitude noise. The downside, however, is that switched capacitors can only 

synthesize quantized modulation schemes regardless of how large N might be, which 

results in many IMPs and imposes a restriction on the lowest possible IL, even with ideal 

lossless components. Fortunately, if these products are sufficiently far from the center 

frequency, i.e., BW 2mf  , then they can be rejected by the junction’s bandpass resonance 
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itself. Under this condition, even an abrupt periodic variation of the varcaps between two 

values, say 
0C  and 

0 1C C  as depicted in Fig. 46(c), can lead to good performance. 

Obviously, this requires the circulator’s topology to be of bandpass type. However, the 

bandstop topologies can still be used in an N-way architecture which would eliminate the 

spurious emission regardless of how quantized the modulation scheme of each unit cell is 

and without any necessity of further attenuation by the background resonance itself. In this 

chapter, however, we will focus on the differential current-mode bandpass/wye topology, 

as an example. 

 

Figure 47: (a) Conventional bandpwass/wye topology depicting a shunt parasitic 

capacitance at the central node. (b) Modified bandpass/wye topology where 

the inductors are transformed into a delta connection and the varacaps are 

connected in shunt rather than in series. 

One issue specific to the current-mode bandpass/wye topology is that it is sensitive 

to shunt parasitic capacitance at the centeral node. This parasitic can be considerably large 

in IC design which reduces the coupling between the three LC tanks and isolates them from 

one another, thus degrading the overall performance. This problem can be overcome by 
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transforming the wye inductors highlighted in Fig. 47(a) into three new delta inductors, as 

depicted in Fig. 47(b). The downside of this transformation, however, is that the value of 

each inductor triples. Notice that the switched capacitors in Fig. 47(b) are also connected 

in shunt rather than in series in order to reduce the swing across them when they are ON, 

which improves the circulator’s power handling and linearity. In this case, these metrics 

become limited by the OFF state non-linearities which are typically much weaker than 

those of the ON state in most IC technologies. It is also worth mentioning that any shunt 

parasitic capacitance at the terminals of the inductance loop of Fig. 47(b) can be absorbed 

in the switched capacitors, thus easing the integration of this circuit. 

 

 

Figure 48: CMOS STM-AM circulator based on a modified differential current-mode 

bandpass/wye topology. (b) Complete schematic. (c) Timing diagram of the 

switching clocks. 
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Fig. 48(a) shows the complete schematic of a CMOS STM-AM circulator based on 

the modified current-mode bandpass/wye topology depicted in Fig. 47(b). Specifically, the 

circuit consists of two single-ended circulators connected in parallel, each of which consists 

of three inductors 
0L  connected in a loop, the terminals of which are coupled to the RF 

ports through a capacitor 
0C  and to ground through a parallel combination of a static 

capacitor gC  and a switched capacitor 
mC . Fig. 48(b) also shows the timing diagram of the 

switching clocks 
ns , which all have the same frequency 1m mf T  and they are related 

together as follows 

    1 3 , 1,2,3n n ms t s t nT n     (7.1) 

    
4,5,6 1,2,3

2n n mn n
s t s t T

 
  . (7.2) 

In the special case of a 50% duty cycle, (7.2) simplifies to 
4,5,6 1,2,3n nn n

s s
 

 , i.e., the 

clocks of the two single-ended circuits are inverted versions of each other. It is worth 

mentioning that such clocking scheme results in the oscillation frequencies 
nf  of the n-th 

tank changing periodically between two values, i.e., 
0f  and 

0 0f u . Interestingly, this is 

strikingly similar to the well-known BFSK modulation scheme commonly used in digital 

communication systems, hence we use the same terminology and refer to the timing diagram 

of Fig. 48(b) as BFSK clocking. This analogy suggests that more advanced modulation 

schemes may improve certain metrics of the circulator, e.g., reducing spurious emission or 

increasing the isolation bandwidth, which is listed among the potential future work 

summarized in Chapter 9. Notice that this can be combined with the N-way architecture to 

boost its performance. 
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7.2 ANALYSIS 

 

Element\Value Theo. Sim. Meas. 

mf  (MHz) 106 106 106 

0L  (nH) 40 
30 

(Coilcraft) 

30 

(Coilcraft) 

0C  (fF) 900 
450 

(MIM) 

450 

(MIM) 

gC  (fF) 900 N/R N/R 

mC  (fF) 1200 
2×800 

(MIM) 

2×800 

(MIM) 

ddV  (Volt) N/R 3.3 3.3 

W L  (µm/µm) N/R (150×2)/0.34 (150×2)/0.34 

Table 5: Values of all design parameters used in obtaining the theoretical, simulated, 

and measured results of the CMOS modified current-mode bandpass/wye 

STM-AM circulator. 

Table 5 summarizes the values of all elements and parameters used in obtaining the 

numerical results to be discussed in this section. The values used in obtaining the simulated 

and measured results, which will be discussed in Sec. 7.3, are also listed. The inductors 
0L  

and the capacitors 
0C  were chosen such that the unmodulated circuit of Fig. 48(a) would 

resonate at the target frequency of 915 MHz. Then, the modulation frequency 
mf  was set 

to 106 MHz, i.e., 11.6% of the center frequency. Such a small value permits feeding the 

modulation signals externally from regular testbench generators as was the goal in this 

design. In future implementations, however, the modulation sources should be integrated 

with the circulator on the same chip which would allow using higher 
mf  if necessary. Recall 

that higher 
mf  would push the IMPs further away from the center frequency, thus improving 

the spurious emission of the circulator and reducing its IL, as explained earlier. It is also 

worth mentioning that the specific value of 106 MHz was chosen to avoid any high-order 
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harmonics of the modulation signals landing inside the desired BW centered around 915 

MHz. Based on this choice of 
mf , the capacitors gC  and 

mC  were chosen to maximize the 

achieved IX at 915 MHz. Finally, the transistors were sized at (150 2L 0W µ) 34 n  to 

minimize their on-resistance. 

 

Figure 49: Impact of switch parasitics on offr C  and inductance quality factor 
0Q  on the S-

parameters. (a) RL. (b) IL. (c) IX. 

 

 

Figure 50: Impact of duty cycle error D  and differential phase imbalance   on the S-

parameters. (a) RL. (b) IL. (c) IX. 

The IL of the presented CMOS STM-AM circulator strictly depends on the strength 

of the IMPs and the resistive losses due to finite on offr C  of the switches and 
0Q  of the 

inductors. Since the differential architecture reduces the IMPs sufficiently, their 
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contribution can be neglected and we may focus on studying the impact of the resistive 

losses. Fig. 49 shows the impact of changing these parameters on the numerical S-

parameters obtained using an in-house so-called CFSM numerical method (see Appendix 

C). Intuitively, larger 
0Q  and smaller on offr C  leads to better RL and IL, as indeed depicted 

in Fig. 49. For instance, 0.4on offr C  psec and 
0 80Q   results in RL and IL of about 12.8 dB 

and 1.8 dB, respectively. While such value of on offr C  can be achieved using deep-submicron 

CMOS technologies, 
0 80Q   is only possible using off-chip inductors. The quality factor 

of on-chip inductors, on the other hand, is in the order of 10~20 at the first few GHz, which 

makes achieving low IL more challenging and limits the miniaturization of the proposed 

circuit. For example, Fig. 49(a) and Fig. 49(b) show that 0.4on offr C  psec and 
0 20Q   results 

in RL and IL of 8.6 dB and 5.2 dB, respectively. This is because STM-AM circulators, 

similar to their magnetic counterparts, are resonant circuits, therefore their IL is sensitive 

to the resonance unloaded quality factor. Therefore, we will assume that the inductors in 

this design are off-chip. Another reason to motivate this assumption is that the value of 
0L  

is quite large, i.e., 30 nH, which is difficult to be implemented on a chip. On the other hand, 

Fig. 49(c) shows a rather non-trivial dependence of the maximum possible IX on on offr C  

and 
0Q . In fact, for each on offr C  there is a specific 

0Q  at which a near-perfect IX can be 

achieved. For example, the optimal 
0Q  for 0.4on offr C  psec is about 64. Either a smaller or 

even a larger 
0Q  would reduce the maximum possible IX. In practice, however, it is 

sufficient to maintain an in-band IX larger than 20~30 dB, i.e., the level at which ANT 

reflections due to dynamic impedance mismatches begin to dominate the leakage at the RX 

port. Fig. 49(c) shows that such level is maintained for 
0Q  ranging from 20 to more than 

100, thus showing that the IX of the proposed circuit is insensitive to the inevitable random 

variations of the losses. 
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The clock signals in Fig. 48(b) are assumed to be generated externally using three 

phase-locked RF sources, thus allowing precise control of the duty cycle and the relative 

phases. In real applications, however, these clocks will be generated on-chip, which can be 

easily achieved using digital circuitry, but they will also be prone to phase noise, jitter, and 

duty cycle errors. In order to quantify the sensitivity of the proposed circulator to such 

errors, Fig. 50 shows the numerical S-parameters versus fractional errors D  and   in 

the duty cycle and the phase difference between the constituent single-ended circulators, 

respectively. Clearly, the network is quite tolerant to differential phase imbalance, allowing 

2  % (for 0D  ) without any noticeable degradation in its performance. The 

requirements on the duty cycle errors, however, turn out to be more stringent. For instance, 

0.7D  % (expansion of the switching on-time leading to overlap periods between the 

clocks of the single-ended circuits) with 0   reduces the IX by about 20. In contrast, 

0.7D  % (compression of the switching on-time) leads to only 12 dB IX degradation 

and even a modest improvement of RL and IL compared to the ideal case, clearly indicating 

that it is important to ensure that the switches in each of the circulators do not overlap. 
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7.3 RESULTS 

 

Figure 51: (a) Picture of the chip layout. (b) Top-view photograph of the packaged chip 

mounted on a PCB. Three more inductors are placed at the bottom side of the 

PCB. 

Based on the numerical findings of Sec. 7.2 and Sec. 7.3, an IC STM-AM circulator 

was designed for operation at 910 MHz using a standard 180 nm CMOS technology. Table 

5 summarizes the values of all elements and parameters used in obtaining the simulated 

and measured results to be discussed in this section. Notice that these values are different 

than their numerical counterparts due to the additional parasitics of the physical elements. 

In particular, gC  was entirely eliminated since the shunt parasitic caps of the off-chip 

inductors were sufficient to realize it without requiring any additional on-chip capacitors. 

Fig. 51(a) also shows a picture of the chip layout where the active silicon area occupied by 

the circulator is only 0.2 mm2. The chip was also mounted in a 5×5 mm2 QFN package and 

connected to off-chip inductors on a PCB for testing, as shown in Fig. 51(b). The total form 

factor is 6×6 mm2 which is at least one order of magnitude smaller than the discrete 

implementations presented in previous chapters. 
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Figure 52: S-parameters before matching. (a) Simulated. (b) Measured. 

Fig. 52(a) and Fig. 52(b) show a comparison between the simulated and measured 

S-parameters of the circulator, respectively, when its ports are all terminated with 50 Ohm 

impedances. Obviously, large TX-to-RX IX of more than 60 dB is achieved at a center 

frequency of 915 MHz in both cases, however, the circulator also exhibits significant 

transmission losses. Specifically, the measured TX-to-ANT IL and ANT-to-RX IL are 11 

dB and 11.5 dB, respectively. These large values are not actually due to resistive or even 

spurious emission losses but they are rather an artifact resulting from strong impedance 

mismatch as evident by the significant TX RL and ANT RL of 3.8 dB and 2.3 dB, 

respectively. This matching problem was not predicted in our initial simulations since the 

custom-designed electrostatic discharge (ESD) protection circuitry was not taken into 

account. After taking the measurements, however, we realized that the ESD diodes 

introduce significant shunt parasitics at the ports, which lead to strong reflections. When 

the ESD circuit was accurately modeled and incorporated in post-layout simulations, the 

results agreed well with the measurements and the matching problem was similarly 

observed. Specifically, the simulated TX-to-ANT IL and ANT-to-RX IL are both found to 

be 9.6 dB, while the TX RL and ANT RL are 4.3 and 3.8 dB, respectively. 
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Figure 53: S-parameters after matching. (a) Simulated. (b) Measured. 

The above problem was fixed in simulations by adding proper matching networks 

at the circulator’s ports to tune out the ESD parasitics, thus yielding the results depicted in 

Fig. 53(a). As we can see, the TX RL and ANT RL both improve to 12.5 dB and, 

subsequently, the TX-to-ANT IL and ANT-to-RX IL reduce to about 3 dB. Also, the center 

frequency is shifted down to about 912 MHz. These results were experimentally validated 

by using three external reconfigurable impedance tuners, yielding the measured results 

shown in Fig. 53(b). The measured TX RL and ANT RL are 11 dB and 13 dB, respectively, 

the measured TX-to-ANT IL and ANT-to-RX IL are both 4.8 dB, and the center frequency 

is about 910 MHz. Furthermore, the simulated and measured 20 dB IX BW are 3.4% (31 

MHz) and 2.4% (22 MHz), respectively. It is worth mentioning that the IL can be reduced 

to less than 3 dB, as predicted by the numerical analysis of Sec. III, by further optimizing 

the chip and the PCB layouts and by better designing the IC supplementary blocks, namely, 

the modulation path buffers and the ESD protection circuit. Fig. 54 also shows a 

comparison between the simulated and measured transmission phases, which are all quite 

linear within the BW of interest, similar to all previous designs based on varactors. 
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Figure 54: Transmission phase. (a) Simulated. (b) Measured. 

Fig. 55(a) and Fig. 55(b) also show a comparison between the simulated and 

measured spectrums, respectively, at both the ANT and the RX ports for a monochromatic 

TX excitation with an input frequency 
inf  of 1 GHz and an input power 

inP  of 0 dBm. The 

fundamental harmonic at the ANT port exhibits a simulated IL of 3 dB and a measured IL 

of 4.8 dB, in agreement with the S-parameters. However, the fundamental harmonic at the 

RX port depicts a simulated and a measured IX of 37 dB and 42 dB, respectively, instead 

of 65 dB, as predicted by the S-parameters. This is simply because the input frequency of 

the TX signal is not aligned with the IX dips in Fig. 53. In addition to the fundamental 

component, the spectrums at both the ANT and RX ports are also contaminated with many 

spurs. These are essentially higher-order harmonics of the modulation signals and IMPs 

resulting from their mixing with the TX input signal. The largest measured IMPs are those 

at 809 MHz and 1021 MHz, which are –19 dBc and –22 dBc, respectively, while the 

simulated value of both is –22 dBc. In general, these products depend strongly on the 

balance of the differential circuit, hence they are more sensitive to layout asymmetries than 

other metrics such as the S-parameters. Also, as mentioned earlier, the modulation signals 

in this design are generated externally from regular testbench sources which are configured 
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to generate three 120 deg phase shifted sinusoidal signals at frequency 
mf . These signals 

are then fed to the chip through ESD protected pins and buffered through a series of 

inverters that transform them into digital clocks which are eventually applied to the gates 

of the switches. As one may expect, these clocks are not perfect square waves and they 

may incur considerable amplitude variations which enrich their frequency content. This, in 

turn, explains why the beat frequency in Fig. 55(a) and Fig. 55(b) is smaller than 
mf . As 

one may expect, such spurious emission must be further suppressed in order to comply 

with the spectral mask regulations of commercial systems and to avoid interference with 

adjacent channels. This can be achieved by using the N-way architecture presented in 

Chapter 5. Also, the modulation signals ought to be generated on chip rather than feeding 

them from external sources, which would ease controlling their frequency content and 

ensure that they are exactly square waves with a fundamental frequency 
mf . This, in turn, 

eliminates many spurs and allows to increase 
mf  in order to push the IMPs away from the 

BW of interest so that they exhibit more attenuation by the natural bandpass response of 

the resonant wye junctions themselves. 
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Figure 55: ANT and RX spectrums for a monochromatic TX excitation with an input 

frequency 
inf  of 910 MHz and an input power 

inP  of 0 dBm. (a) Simulated. 

(b) Measured. 

Finally, the TX-to-ANT and ANT-to-RX IIP3 are measured and found to be +6.1 

dBm and +6 dBm, respectively. These values are, in fact, currently limited by the ESD 

protection circuitry which, as mentioned earlier, was not optimally designed. Therefore, 

should this issue be fixed in future designs, the IIP3 is expected to increase. Also, an RX 

NF of 5.2 dB was measured at the center frequency of 910 MHz. This is only 0.4 dB larger 

the ANT-to-RX IL, thus showing negligible degradation due to the modulation phase and 

amplitude noise. 
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Chapter 8: MEMS STM-AM Circulators6 

In this chapter, we explore the use of high-Q MEMS resonators to reduce the 

modulation frequency and the total required inductance in STM-AM circulators, thus 

permitting low-power highly miniaturized implementations of such components. As an 

example, we use commercial off-the-shelf thin-film bulk acoustic resonators (FBARs) to 

design a current-mode bandpass/wye STM-AM circulator at a center frequency of 2.5 GHz 

with a modulation frequency of 40 MHz (1.6% of 2.5 GHz) and six 12 nH inductors. In 

contrast to conventional LC implementations presented in previous chapters, the inductors 

herein do not play any role in breaking reciprocity and are merely to tune out the parasitic 

parallel capacitance of the MEMS devices. Therefore, they can be further reduced using 

custom-designed contour-mode resonators (CMRs). 

 

 

 

                                                 
6 The content of this chapter is published in [42]. 
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8.1 ANALYSIS 

 

Figure 56: (a) MBVD electrical model of MEMS resonators. (b) MEMS resonator in 

series with a static capacitor sC . (c) MEMS resonator in series with a varcap 

 sC t . (d) MEMS resonator in parallel with an inductor pL , and both are in 

series with a varcap  sC t . 

MEMS resonators, such as FBARs or CMRs, are micro-machined integrated 

devices which rely on Aluminum Nitride (AlN) piezoelectric materials and refractory 

motional metal electrodes to realize super high-Q oscillations. The electrical characteristics 

of such devices can be accurately described from a terminal perspective by means of 

equivalent circuit models, which simplify the design and analysis of more complicated 

networks composed of one or more of these devices in addition to other elements. For one-

port resonators, the lumped-element modified Butterworth Van Dyke (MBVD) model 

shown in Fig. 56(a) can be extracted from the measured device impedance 1q qZ Y  and it 

consists of a motional zR - zL - zC  arm in parallel with another static 0R - 0C  arm, all in series 

with two electrode resistors 2cR . This model shows that the device exhibits both series 
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and parallel (or anti) resonances, the center frequencies of which can be calculated from 

 Im 0qZ   and  Im qZ  , respectively, which results in 
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An effective electromechanical coupling coefficient 
2

tk  relating sf  and pf  is also 

defined as follows 
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Assuming 0zC C , which is typically the case in practice, and substituting (8.3) 

into (8.1) and (8.2) yield 
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The finite quality factors sQ  and pQ  of the series and parallel resonances, 

respectively, are also given by 
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where zR  and 0R  are the losses due to the mechanical motion and thermal dissipation in the 

AlN material, respectively. Since cR  is usually much smaller than both zR  and 0R , then it 

can be neglected, in which case, the device admittance qY  can be calculated as follows 
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Now using this model, we can study the performance of the MEMS device when it 

is connected to other elements with the goal of building an STM-AM circulator in mind. 

First, consider adding a static capacitor sC  in series with a MEMS device as depicted in 

Fig. 56(b). Using simple circuit analysis and assuming s zC C , one can show that the new 

series resonance frequency ,s qcf  of the combined circuit is related to the original ,s qf  by 
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Also, the new device admittance qcY  at ,s qcf  reads 
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Figure 57: Effective device admittance. (a) MEMS device in series with a static cap sC . 

(b) MEMS device in parallel with a small inductor pL  and both are in series 

with sC . 

Equations (8.9) and (8.10) show that by reducing sC , not only ,s qcf  increases but 
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also qcY  decreases. For example, Fig. 57(a) shows the simulated qcY  with 
2

tk  of 3%, sQ  of 

600, sf  of 2.5 GHz, and different values of sC . Indeed, qcY  decreases from –12.8 dB → –

29.6 dB → –37.6 dB and ,s qcf  increases from 2.5 GHz → 2.518 GHz →2.523 GHz, as sC  

decreases from   → 600 fF → 300 fF. The tunability of ,s qcf  implies that a modulated 

bandpass resonance can be realized by connecting a MEMS device in series with a varcap 

 sC t  as depicted in Fig. 56(c). Recall that such varcap is implemented by using either 

varactors or switched capacitors, which results in a sinusoidal or a discrete capacitance 

variation, respectively, between two thresholds, say ,1sC  and ,2sC . Also, if the modulation 

frequency mf  is maintained sufficiently low, i.e., 5%m sf f  , then samples of the dyanmic 

admittance  qcY t  corresponding to certain values of  sC t , e.g.,  , 600 fF, and 300 fF, can 

be approximated by the quasi-static results shown in Fig. 57(a). In other words,  qcY t  and, 

consequently, transmission through it are both expected to dramatically reduce if either the 

average capacitance of the varcap  ,1 ,2 2s sC C  became small or the modulation index 

 ,2 ,1 2s sC C C    became large. But a large modulation index is necessary, as explained in 

previous chapters, to achieve large IX and low IL in STM-AM circulators. In order to 

overcome this problem, an inductor pL  can be connected in parallel with the MEMS device, 

as shown in Fig. 56(d), to tune out 0C , where 

 
2

0

1
p

s

L
C

 . (8.11) 

In this case, the new resonance frequency 
,s qclf  and effective total admittance qclY  

can be calculated by substituting 
0 0C   in (8.9) and (8.10), respectively, resulting in 

   , ,qcl s qcl q s qY f Y f  and  , , 1 2s qcl s q z sf f C C  . In other words, the series resonance of the 

MEMS device can be strongly modulated by  sC t  without much impact on the total 

effective admittance. In order to validate this result, an inductor of 4 nH inductor is 



 117 

connected in parallel with the same MEMS device used earlier and the the total effective 

admittance qclY  is calculated for the same values of sC , i.e.,  , 600 fF, and 300 fF. Fig. 

57(b) shows that qclY  decreases from –12.8 dB → –16.33 dB → –22 dB and ,s qclf  increases 

from 2.5 GHz → 2.547 GHz →2.582 GHz, respectively, thus showing that the reduction 

of qclY  is indeed significantly mitigated while ,s qclf  is still strongly modulated. Moreover, 

the anti-resonance ,p dclf  is shifted to higher frequencies, thus improving the symmetry of 

the series resonance’s dispersion, which would improve the S-parameters of the circulator. 

Equation (8.11) also shows that pL  can be reduced by simply using a MEMS device with 

a larger 0C . For example, 0 10C  pF, which is a very realistic value, results in pL  of only 

0.4 nH. Such a small inductor can be easily integrated at a small factor. In fact, it can be 

even realized using bondwires which also exhibit a high quality factor, although Q of pL  is 

not of significant importance and its impact on the circulator’s IL is negligible because it 

is not part of the modulated resonance that leads to non-reciprocity. Therefore, an on-chip 

chiral inductor with a Q of 10~20 is still sufficient. 
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8.2 DESIGN 

 

Figure 58: MEMS STM-AM circulator based on the current-mode bandpass/wye 

topology. (a) Complete schematic. (b) Timing diagram of the switching 

clocks. 

Fig. 58(a) shows the complete schematic of a MEMS STM-AM circulator based on 

the current-mode bandpass/wye topology. The circuit consists of two single-ended 

circulators connected in parallel, each of which contains three MEMS devices, three 

parallel inductors, and three varcaps. The inductors tune out the parasitic capacitance 0C  of 

the MEMS devices, and they are connected in a loop rather than to the central node of the 

MEMS devices using the wye-to-delta transformation illustrated in Chapter 7 to simplify 

the layout. Notice that this transformation increases the value of each inductor by a factor 

of 3 but since the experimental validation presented in this chapter is already based on 

discrete components, then this is not of major concern and it is more important to simplify 
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the layout. In a fully integrated implementation, however, which is listed among the 

potential future work summarized in Chapter 9, this transformation should not be used and 

the inductors should be kept small. Also, the varcaps are implemented using a single 

capacitor sC  in parallel with a switch ns , where n is the switch index , i.e., ,1sC    and 

,2s sC C , therefore the resonance frequency changes between sf  and  1 2s z sf C C , 

respectively. Fig. 58(b) shows the timing diagram of the switching clocks, which all have 

the same frequency mf  and the same duty cycle of 50%. Similar to the CMOS circulator 

presented in Chapter 7, the three clocks of each single-ended circuit are mutually shifted 

by 3mT , where 1m mT f  is the period, and that the two single-ended circuits use inverted 

clocks. It is also worth mentioning that this circuit can be used as a unit element to build 

an N-way STM-AM circulator to increase the power handling and improve the spurious 

emission as explained in Chapter 5. Also, all implementations must be based on a bandpass 

topology, either wye or delta. The bandstop topologies, on the other hand, cannot be used 

since MEMS devices are essentially bandpass resonators. In the next Section, we validate 

this circuit with both simulated and measured results using commercial FBAR resonators. 

8.3 RESULTS 

 

Figure 59: (a) Photograph of the fabricated board. (b) Micro-photograph of the MEMS 

devices. 
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Element\Value Theo. & Sim. Meas. 

MEMS 

ctrf  (MHz) ~2550 ~2500 
2

tk  (%) 3 Broadcom FBAR 

custom-designed 

chip 
sQ  600 

0C  (pF) 1 

Inductors 3 pL  (nH) 12 
12 

(Coilcraft) 

Modulation 

m ctrf f  (%) 1.56 1.6 

mV  (Vpp) N/R 5 

sC  (fF) 200 
200 

(Murata) 

Table 6: Values of all design parameters used in obtaining the theoretical, simulated, 

and measured results of the MEMS current-mode bandpass/wye STM-AM 

circulator. 

Fig. 59(a) shows a photograph of the fabricated board based on the schematic of 

Fig. 58(a) and the measured results were taken using the same experimental setups in 

Appendix A. Each three wye-connected MEMS devices were implemented using a single 

non-commercial custom-designed chip from Broadcom Incorporate, a microphotograph of 

which is depicted in Fig. 58(b). The series resonance of all devices is ~2.5 GHz, 2

tk  is ~3%, 

sQ  is ~600, and 0C  is ~1 pF. Thereafter, pL  can be calculated using (8.11) which results in 

4 nH. Also, each pair of differential switches, e.g., 1s  and 4s , were also implemented using 

a MACOM single-pole double-throw (SPDT) switch. Finally, the optimal modulation 

parameters, i.e., sC  and mf , were chosen through parametric studies in simulations, 

resulting in 200 fF and 40 MHz, respectively. Notice that the modulation frequency is 1.6% 

of the 2.5 GHz center frequency, which is the smallest among all magnetless parametric 

circulators presented to the date of writing this dissertation. On the other hand, the form 
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factor is 10mm×10mm which is quite large compared to the CMOS chip presented in 

Chapter 7, merely because we relied in this experimental demonstration on discrete off-

the-shelf components, as mentioned earlier. For convenience, Table 6 summarizes the 

values of all elements and parameters discussed above. 

 

Figure 60: S-parameters. (a) Simulated. (b) Measured. 

Fig. 60(a) and Fig. 60(b) show the simulated and measured S-parameters, 

respectively. The simulated 20 dB IX BW is ~15 MHz, i.e., 0.6% of the ~2.55 GHz center 

frequency, within which IL varies from 3.6 dB dB to 4.2 dB and RL varies from 8.7 dB to 

11 dB. On the other hand, the measured 20 dB IX BW is about 18 MHz (0.72%), within 

which TX-to-ANT IL varies from 4 dB to 4.4 dB and ANT-to-RX IL varies from 4.8 dB 

to 5.2 dB while ANT RL varies from 12 dB to 15.6 dB and TX RL varies from 15 dB to 

20 dB. Obviously, the BW is quite narrowband, i.e., about 5 times less than the BW of 

conventional LC implementations. Nevertheless, it can be improved by applying the BW 

extension technique presented in Chapter 6. The measured results also exhibit finite 

asymmetry, e.g., TX-to-ANT IL and ANT-to-RX IL are different, due to finite tolerances 

and random parasitics of the components and asymmetries in the layout. Finally, the other 
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metrics, namely, spurious emission, power handling, linearity, and NF, are not particularly 

impacted by the use of MEMS devices but they are rather dependent on the switches. 

Specifically, the measured second-order IMP are –20 dBc, the measured P1dB is +28 dBm, 

and the measured IIP3 is +40 dBm, which are in the same order of previous results of 

conventional LC implementations. 
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Chapter 9: Conclusions and Future Work 

In this final chapter, we draw our conclusions and summarize the results presented 

in this dissertation. We also provide an outlook on future directions in this exciting line of 

research. 

9.1 CONCLUSIONS 

 

Metric\Design 
S.E. 

(meas.) 

Diff. 

(meas.) 

8-Way 

(sim.) 

Broad. 

(meas.) 

CMOS 

(meas.) 

MEMS 

(meas.) 

Technology Discrete Discrete N/A Discrete 
CMOS 

180nm 

MEMS 

/Discrete 

Center freq. (MHz) 1000 1000 1000 1000 915 ~2500 

Mod. freq. (%) 19 10 10 11 12 1.6 

BW (%) 2.4 2.3 3 14 4.3 0.72 

IX (dB) >20 >20 >20 >20 >20 >20 

IL (dB) <3.4 <2 <2.3 <5.8 <5 <5 

RL (dB) >9 >20 >20 >12.6 >9 >15 

Trans. Phase (deg) Linear Linear Linear Linear Linear Linear 

P1dB (dBm) +29 +29 +39 +23 N/A +28 

IX20dB (dBm) +29 +28 +41 +23 N/A N/A 

IIP3 (dBm) +33 +32 +43 +35 +6.1 +40 

NF (dB) <4.5 <2.7 <2.3 N/A <5.4 N/A 

Max. IMPs (dBc) 
–11 

@
0 mf f  

–30 

@
0 mf f  

<–62 N/A 
–19 

@
0 mf f  

–20 

@
0 mf f  

Size (mm2) 143 286 N/A 480 36 100 

Table 7: Summary of all the results presented in this dissertation. The best values of 

all metrics are highlighted in green. 

In this dissertation, we introduced the underlying physical principles, the detailed 

circuit implementations, and the theoretical, simulated, and measured results of the so-
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called STM-AM magnetless circulators. Several new time-varying networks that mimic 

magnetic-biased ferrite cavities were invented. Specifically, four single-ended (S.E.) 

topologies based on connecting series or parallel LC tanks in a loop or to a central node 

were presented. Differential (Diff.) voltage- and current-mode architectures were also 

developed in order to cancel the IMPs resulting from time variation in the single-ended 

circuits, thus improving the performance of several metrics, e.g., IL and NF, and allowing 

to reduce the modulation frequency considerably. The differential circuits were also used 

as unit elements to develop N-way circulators which result in near zero-spurious emission 

and allow to handle arbitrarily high input powers. A broadband (Broad.) implementation 

was also developed by connecting identical bandpass filters with a particular output 

impedance at the ports of a narrowband differential circulator in order to match it over a 

wider frequency range to the TX, RX, and ANT ports. Furthermore, the first CMOS 

implementation of such components was developed in order to reduce their size, cost, and 

allow their large scale production. The use of MEMS devices such as FBARs to reduce the 

total inductance was also investigated. A rigorous analysis of all circuits was performed to 

facilitate their design, to gain an insight into the impact of changing all parameters on the 

overall performance, and to derive upper bounds on crucial metrics such as the isolation 

bandwidth. The analytical results were also validated through simulations and 

measurements, exhibiting excellent agreement and showing unprecedented performance in 

many metrics, including large isolation, small insertion loss, excellent matching, linear 

transmission phase, wide bandwidth, large power handling, high linearity, small noise 

figure, near-zero spurious emission, small size, low cost, and low power consumption. For 

convenience, all results are summarized in Table 7. This technology can help enable low-

cost commercial full-duplex radios by allowing the TX and RX nodes of each transceiver 

to share a single antenna while achieving the first critical 20 dB of the total required self-
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interference cancellation thus relaxing the design of the following layers of isolation based 

on mixed-signal or DSP techniques. 

9.2 FUTURE WORK 

The work presented hitherto has shown for the first time that magnetless circulators can 

satisfy the challenging requirements of practical full-duplex radios. Several new circuits 

have been invented, analyzed, and experimentally validated. Nevertheless, several points 

are still required to push this technology forward until it is successfully commercialized, 

which include: 

1. Experimental validation of the single-ended and differential bandpass/delta and 

bandstop/wye topologies. 

2. Experimental validation of the N-way circulator. 

3. Development of a CMOS broadband N-way STM-AM circulator. 

4. Development of a fully-integrated MEMS STM-AM circulator. 

5. Development of an inductorless magnetless circulator based on STM-AM biasing of 

lowpass or highpass RC filters. 

6. Testing the circulator in an actual full-duplex system.  
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Appendices 

A. Experimental Setups 

 

Figure 61: Photograph of the experimental setup. 

 

Instrument Manufacturer Model Quantity 

Digital power supply (DPS) Keysight E3631A 2 

Vector network analyzer (VNA) Keysight E5071C 1 

Vector signal analyzer (VSG) Rhode & Schwarz FSVA40 1 

Vector signal generator (VSG) Rhode & Schwarz SGT100A 1 

Signal generator (SG) Rhode & Schwarz SGS100A 2 

Oscilloscope (OSC) Rhode & Schwarz RTO1044 1 

Average power sensor (PS) Rhode & Schwarz NRP-Z24 1 

High power amplifier (Amp) Minicircuits TVA-4W-422A+ 1 

Excess noise ratio (ENR) source Keysight 346A 1 

Table 8: List of equipment used in obtaining the measured results of all designs 

presented in this dissertation. 

In this Appendix, we present the experimental setups used to take the measured 

results provided in this dissertation. Fig. 61 shows a photograph of the setup and Table 8 

lists the used equipment. In all previous chapters, the device under test (DUT) always had 

7 ports in total. One of these is for DC biasing, three are for the modulation signals, and 
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the remaining three are the circulator’s terminals themselves. The DC port is connected to 

the output of a digital power supply that is preconfigured to the required DC voltage. Also, 

the DUT modulation ports are connected to three phase-locked RF SGs. These sources are 

pre-configured using a laptop and a USB connection to have a 120 deg phase increment 

while maintaining the required frequency and amplitude. Thereafter, the DUT circulator 

ports are connected to different equipment to characterize the performance of all relevant 

metrics. All equipment are calibrated before the measurements to de-embed any cable 

losses or dispersion and ensure that the reference planes are at the DUT circulator’s ports. 

 

Figure 62: S-parameters experimental setup. 

Fig. 62 shows a block diagram of the experimental setup used to measure the S-

parameters. The circulator’s S-matrix is constructed from the results of three identical two-

port measurements, where in each, two of the DUT circulator’s ports are connected to a 

two-port VNA and the third port is terminated with a matched load. 
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Figure 63: Spurious emission experimental setup. 

Fig. 63 shows a block diagram of the experimental setup used to measure the 

spurious emission. An input signal at the circulator’s center frequency is generated via an 

SG and applied to one of the circulator’s ports, say port 1. Then, the spectrums at ports 2 

and 3 are measured consecutively by connecting one of them at a time to a VSA while 

terminating the other with a matched load. The results are then normalized to the output 

power of the SG. 

 

Figure 64: P1dB and IX20dB experimental setup. 

Fig. 64 shows a block diagram of the experimental setup used to measure the power 

handling, namely, P1dB and IX20dB. These metrics were expected from simulations to be 

larger than the maximum output power of the SG. Therefore, an Amp was used to provide 
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a sufficient gain for the SG output such that it compresses the circulator. Also, the Amp 

itself was chosen such that its compression point is guaranteed to be larger than the 

expected P1dB and IX20dB of the circulator. The SG is configured to generate a signal at 

the circulator’s center frequency, which is then injected to one of the circulator’s ports, say 

port 1. The input power is swept and the output powers at ports 2 and 3 are measured 

consecutively by connecting them one at a time to a VSA while terminating the other with 

a matched load. 

 

Figure 65: IIP3 experimental setup. 

Fig. 65 shows a block diagram of the experimental setup used to measure the 

linearity, namely, IIP3. Two SGs are configured to generate two tones offseted from the 

circulator’s center frequency by a certain desired amount. The two tones are combined 

using a power combiner and are then fed to one of the circulator’s ports, say port 1. The 

power of both tones is then identically swept and the output power at port 2 (the through 

port) of the fundamental and third-order IMP is recorded while port 3 (the isolated port) is 

terminated with a matched load. 
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Figure 66: NF experimental setup. 

Fig. 66 shows a block diagram for the experimental setup used to measure the NF 

based on the Y factor method. A 6 dB ENR source is connected to one of the circulator’s 

ports, say port 1, and DC biased at 28 Volt. Port 2 (the through port) is then connected to 

a VSA through a high-pass filter with a cut-off larger than the modulation frequency but 

much smaller than the circulator’s center frequency in order to reject any residual leakage 

from the modulation signals which may overload the VSA when configured for such 

sensitive measurement. The NF calculations are then performed using the VSA itself. 

Notice that the DC bias of the ENR is generated from the VSA itself and that it is calibrated 

using the same VSA before measuring the NF of the DUT itself. 
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B. Differential Current-Mode Bandpass/Wye Topology 

 

Figure 67: Current-mode bandpass/wye topology. (a) Complete schematic. (b) Small-

signal model. 
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In this appendix, we present the analysis of the current-mode bandpass/wye 

topology. Fig. 67(a) shows the complete circuit implementation of this circuit, which 

consists of two single-ended bandpass/wye topologies connected in parallel. The 

differential modulation signals are generated through LC baluns (
mL  and 

mC ) from three 

sources. Recall that these sources have the same amplitude 
mV  and frequency 

mf  but their 

phases increase by 120 deg in the clockwise direction. Large resistors 
bR  are used for DC 

biasing and the bias voltage itself 
dcV  is injected through the shunt inductance of the 

modulation baluns. Also, recall that each single-ended circuit consists of three series LC 

tanks realized using inductors 
0L  and a pair of varactors 

0D . The varactors are in common-

cathode configuration and the common node is connected to an inductor 
dL  so that they 

form together a bandpass resonance at 
mf , allowing the modulation signal to pass through 

while, at the same time, prohibiting the RF signal from leaking out of the delta loop. Under 

the small-signal assumption, Fig. 67(a) can be simplified as shown in Fig. 67(b), where the 

TX, RX, and ANT ports are replaced by voltage sources with an impeance 
0Z . Also, the 

common-cathode varactors and the DC/modulation network are replaced by varcaps, the 

instantaneous capacitance of which is given by (4.4). Applying Kirchhoff’s laws to the n-

th tank, we get the following differential equations which govern the constituent single-

ended circulators 

  0 1 0 1 1

0

1 1

3 3
SE SE c SE inL i R i E U C i Ev

C
        (1) 

  0 2 0 2 2

0

1 1

3 3
SE SE c SE inL i R i E U C i Ev

C
       , (2) 

where  1 1 2 3, ,SEi i i i  and  2 4 5 6, ,SEi i i i  are the vectors of the tank currents of constituent 

single-ended circulators, respectively,  ,1 ,2 ,3, ,in in in inv v v v  is the vector of the input voltages, 

and 
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The tank currents  1SEi  and 2SEi  can, similarly, be expressed as a superposition of 

differential ( di ) and common ( ci ) components as follows 

 1SE c di i i   (6) 

 2SE c di i i  . (7) 

The port terminations of Fig. 67(b) also results in the following boundary equation 

 02in s cv v Z i  , (8) 

where  ,1 ,2 ,3, ,s s s sv v v v  is the vector of the source voltages. Substituting (6)-(8) into (1) and 

(2) yields 

 0

0 0 0 0 0

0
3 3

d d d c c

R
i i Ei EC i

L L C L C

 
      (9) 

 0 0

0 0 0 0 0 0

3 2 1

3 3 3
c c c c d s

R Z
i Ei Ei EC i Ev

L L C L C L

 
      .  (10) 

Similar to the analysis in Chapter 4, (9) and (10) can be further simplified if we 

express di  and ci  as a superposition of their in-phase, clockwise, and counter-clockwise 

modes as follows 

 ˆ
d di Ti   (11) 
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 ˆ
c ci Ti , (12) 

where  ,0 , ,
ˆ , ,d d d di i i i   and  ,0 , ,

ˆ , ,c c c ci i i i   are the vectors of the modal currents for the 

differential and common components, respectively, and the operator T  is given by (3.19). 

If we further assume that  1,0,0sv   and recognize that the in-phase voltages ,0di  and ,0ci  

are both equal to zero, then substituting (11) and (4.13) into (9) and (10) results in 

 
, , , ,0

, , , ,0 0 0 0 0

0
0

2 0

m

m

j t
d d d c

j t
d d d c

i i i iR e

i i i iL L C L C e
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i i i iL L C L C Le





 


   


   

          
           

         
. (14) 

Fourier transforming (13) and (14) yields 
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where  D   is given by 

     
2

22 0 0 0

0 0 0 0 0 0 0 0

2

2
m m

R Z R
D j j

L C L L C L L C
  

  
  

     
           
 


   

 . (17) 

In order to find the S-parameters, the source currents  ,1 ,2 ,3, ,s s s sI I I I  are calculated 

as follows 

 1 2 2s SE SE cI I I I   , (18) 

where  ,1 ,2 ,3, ,c c c cI I I I  is given by 

          1 2 3 1 2 3

, , ,

j n j n

c n c cI e I e I
 

  
  

   . (19) 
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Finally, the S-parameters can be calculated as follows 
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11 , ,

,1

4
1 c c

s

Z
S I I

V
  


 

       (20) 
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Z
S I I j I I

V
    


   

    
 

  (21) 

  
 

        0

31 , , , ,

,1

2
3c c c c

s

Z
S I I j I I

V
    


   

    
 

. (22) 

Due to the circulator’s threefold rotational symmetry, the rest of the S-parameters 

can be found by rotating the indices as      1,2,3 2,3,1 3,1,2  . With proper choice of the 

circuit elements and modulation parameters, ,cI   can be designed to destructively interfere 

at one port and sum up at the other, as required to achieve infinite isolation. 
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C. Composite Floquet Scattering Matrix Method 

The sensitivity analysis of the CMOS circulator presented in Sec. XX of Chapter 7 

was performed using an in-house so-called composite floquet scattering matrix (CFSM) 

frequency-domain numerical method. Compared to commercial circuit simulators, this 

method expedites the study of parasitic effects and the impact of synchronization errors on 

the relevant metrics of parametric circuits, thus giving an insight into the robustness of 

these circuits and allowing to optimize their performance rapidly. In this appendix, we 

briefly describe the underlying principles of this method. In general, the incoming and 

outgoing waves at each port of an LPTV multi-port network can be written as a 

superposition of infinite number of harmonics as follows 

 ( )
( ) sj n t

n

n

v t v e
 


 



  , (23) 

where nv   are the corresponding Fourier series coefficients, and 
s  is the modulation 

frequency. In what follows, we take advantage of the fact that such linear time-periodic 

network can be treated as a linear time-invariant system with infinite number of harmonic 

ports per each physical port. This allows us to introduce a Floquet scattering matrix (FSM) 

which for a two-port system with the same real reference impedance 
0Z  takes the following 

form 

 
11 121 1

21 222 2

 

 

    
    
    

S Sv v

S Sv v
, (24) 

where ijS  are square matrices relating the incoming and outgoing power waves at all 

frequencies of the physical ports i and j, i.e. 

 , , ,ij nm i m j nS v v  , (25) 
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where n and m denote the corresponding harmonics in the expansion (23). To obtain the 

FSM of an arbitrary circuit, the FSMs of each separate element are first aggregated into a 

single matrix relating the incoming and outgoing power waves at the terminals of all 

elements, hence 

 i ij i

j

 v S v . (26) 

Next, the port indexes are split into two subsets corresponding to inner connections 

of the network and external ports denoted by small and capital indexes p, q and P, Q, 

respectively: 

 

p pq q pQ Q

q Q

P Pq q PQ Q

q Q

  

  

 

 

 

 

v S v S v

v S v S v
. (27) 

Since the inner ports are, by definition, interconnected, the following additional 

relation can be found 

 p pq q

q

 v F v . (28) 

For example, if only the inner ports 2 and 3 are directly tied together, then we have 

2 3

 v v  and 3 2

 v v , leading to 
23 32 F F I  with I  being the identity matrix, and the rest of 

pqF  matrix being zero. Combining (27) and (28), we can find the CFSM relating the power 

waves only at the external ports as follows 

 P PQ Q

Q

 v S v , (29) 

where 

 1[( ) ( )]PQ PQ Pq pq pq q p p Q

p q



   

 

  S S S F S S . (30) 
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