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Chapter 1 Introduction

Chapter 1 introduction

1.1 Background

Our world has been greatly affected by the silicon-based integrated circuits made for all kinds
of wireless systems at RF and microwave frequencies. Such systems cover from short range
radio frequency identification (RFID), wireless body area network (WBAN), electronic toll
collection system (ETC) and wireless fidelity (WiFi) to long range wireless microwave access
(WiMax) and long term evolution (LTE) [1]-[6].

Although the wireless systems at microwave band have flooded the markets, the systems of
quasi-millimeter-wave or millimeter-wave are attractive and on the markets. Several emerging
60GHz standards, including wireless HD, IEEE 802.15.3c, and European computer manufac-
turers association (ECMA) 387, are targeted toward short-range wireless personal area net-
working (WPAN) such as high definition streamed multimedia and high-speed data transfers
[71-[9]. Another millimeter-wave application is the vehicular intelligent safety systems, which
allow the vehicle to perceive the surrounding environment and avoid road accidents. The adop-
tions of both 24/26GHz and 79GHz short-range radar (SRR) and 76-77GHz (hereafter referred
to as 77GHz) long-range radar (LRR) sensors have different advantages in comparison with
other safety systems (e.g. lidar, video, infrared, acoustic, etc.) [10]-[13].

Automotive radar sensors enable a 360° safety zone around the vehicle. Several short-range
sensors are usually mounted around the vehicle to detect objects at close range (0-40m), which

enable advanced driver-assistance and security functions including collision avoidance, precise
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airbag activation, parking assistance, improved road handling, lane change support and
short-range adaptive cruise control (ACC) stop-and-go capability (Fig.1-1) [14]. On the other
hand, a single forward-looking sensor may be sufficient for long-range detection (=150m),
primarily used for ACC [15].
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Fig.1-1 Image of radar sensor applications in an automotive environment.

Developing vehicular radar sensor systems in quasi-millimeter-wave and millimeter-wave
bands, both academic and industrial, have instigated intensive research and development.
Long-range radars in 111-V technologies enabling ACC operating in the 77GHz band have been
around for some time [15]. Since small form-factor and low cost are imperative for automotive
applications, silicon-based implementations are attractive and can make radar sensors afforda-
ble to the end customer. In the last few years, silicon-based 24GHz short-range automotive ra-
dars have been investigated both by industry and academia [16][17]. Recent works have dem-
onstrated the possibility of designing highly-integrated high-frequency circuits in advanced
silicon technologies [18][19]. In fact, 24GHz silicon-based short-range radar sensors have al-
ready been deployed in the commercial automotive market [14]. Realization of 24GHz
short-range radar transceiver circuits has been reported in a Silicon-Germanium (SiGe) process

[14][20], but suffers from limited integration, limited bandwidth and high power dissipation.
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Intensive research and development is also underway for developing 77GHz long-range and
79GHz short-range radars in silicon technologies [21][22]. Most of the current efforts have
focused on chip development in high performance SiGe technologies. A SiGe-based
four-channel transceiver (TRX) IC for use in long-range ACC and collision-avoidance systems
is in production [19]. Experimental results on a 77GHz transceiver in 65-nm CMOS have re-
cently been reported by the academia [23].

Several radar architectures have been studied and employed during the last century [24]. In
the context of automotive radars, only a few architectures are of relevance, and can be classi-
fied into two categories: frequency modulation continuous-wave (FMCW) and pulsed. FMCW
based architecture is the most popular for automotive radars, and has been employed in
short-range/long-range radar implementations [23]. In FMCW radars, the frequency of the ra-
dar signal is varied according to a pre-determined pattern. The most widely used patterns is
linear frequency modulation (LFM), in which frequency is changed by a step in each time pe-
riod. An FMCW radar transmits a continuous wave, which is triangularly modulated in fre-
guency, and receives the wave reflected from objects. As can be illustrated in Fig.1-2, for a
moving target, the received frequency would be shifted (i.e., Doppler shift), resulting in two
different offset frequencies f* and f~ for the falling and rising ramps. Denoting the modulation

range and period as B and T, respectively, we can derive the distance R and the relative veloc-

ity Vg as
e
R =T (T4 (1-1)
4B 2
_ < G- -
Ve=37""3 (1-2)

where f. represents the center frequency and c the speed of light.
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Fig.1-2 FMCW radar operation principle.

1.2 Frequency doubler in wireless communication systems

Signal sources in quasi-millimeter-wave and millimeter-wave systems for radar and wireless
communication applications are applied to generate transmission signals or to provide the local
oscillator for mixers. A millimeter-wave oscillator at the desired fundamental carrier frequency
often has the disadvantage of high phase noise and, hence, needs to be stabilized e.g. in a
phase-locked loop (PLL) architecture shown in Fig.1-3(a). The signal source in Fig,1-3(a) is
composed of phase detector (PD), low pass filter (LPF), voltage control oscillator (VCO) and
frequency divider.

A major obstacle to low DC power high frequency transceiver implementation is the per-
formance degradation with increasing frequency of key passive components, variable capaci-
tors in particular. This is particularly severe in frequency synthesizers where high frequency
VCOs consume large power, display relatively poor spectral purity and have limited tuning
range, and PLL's divider requires large input voltage swing and eventually burn more power
than the VCO itself [25][26].
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Fig.1-3 FMCW architecture for wireless communication transceiver : (a) Conventional tran-

sceiver (b) Transceiver integrating with frequency doubler
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On the other hand, the signal of a high quality VCO at low frequencies can be multiplied up
to the desired millimeter-wave frequency, entailing a degradation of the phase noise of 20logn,
with n being the multiplication factor. The signal source using frequency doubler in which n is
2 is shown in Fig.1-3(b).

There are several reasons to use a lower frequency oscillator with a frequency doubler in-
stead of an oscillator at a higher frequency. The phase noise of the latter is usually higher than
that of the former. Furthermore, the use of a frequency doubler is beneficial for a
high-frequency PLL. Generally, a VCO oscillates up to fy.x and a frequency divider operates
up to 1/4 and 1/2 of f.. It is very difficult to increase the operating frequency of a frequency
divider up to the output of a high-frequency VCO. A frequency doubler (or multiplier) with a
VCO has half the frequency output. Thus, the maximum operating frequency of a frequency
divider followed by a VCO in PLL is mitigated by half [27].

Another reasons is the avoidance of VCO pulling which results in VCO eventually lock to
the interferer frequency [28]. Various sources can introduce VCO pulling. For example, the
power amplifier output may couple to the VCO. Another example of injection pulling arises in
the receive path when the desired signal is accompanied by large interferer. If the interferer
frequency is close to the LO frequency, coupling through the mixer may pull desired frequency
to interferer frequency. Thus, the VCO must be followed by a buffer stage with high reverse
isolation, which may increase the phase noise, DC power consumption and design difficulty.

Hence, the VCO with frequency doubler may avoid these problem.

1.3 Research subjects of frequency doubler

Frequency doubler which is a key component in the signal source for high frequency applica-
tions is faced with several design subjects such as operation bandwidth, fundamental frequency
suppression, conversion gain, input drive power and DC power consumption. A frequency de-
sign pentagon is shown in Fig.1-4. When designing a high performance frequency doubler, the
subjects demonstrated in Fig.1-4 must be tradeoff. In this section, the operation bandwidth,
fundamental frequency suppression, conversion gain, input drive power and DC power con-
sumption will be described in detail. Then figure of merit (FOM) are defined to verify the per-

formance of the frequency doubler.
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Fig.1-4 Frequency doubler design pentagon

1.3.1  Operation bandwidth

In the signal source, the operation bandwidth of frequency doubler determines the operation
band of radar sensor. However, in the world, organizations which draws up regulation has an-
nounced various available frequency band in different region such as in USA, EU and Japan. In
the US, there are two regulations. In 2002 the Federal Communication Committee (FCC)
adopted the 24GHz radar sensor approach for the operation of vehicular radar in the ultra wide
band (UWB) of 22-29GHz [29]. From 2004, the frequency is shift to 23.12-29GHz and this
allocation is without any restriction in time or in quantity. From 2003, EU adopted 24GHz band
and 79GHz band for SRR applications [30]. However, the 24GHz is interim technology until
mid of 2013. Now the 26GHz band applications in EU has been proposed. Maybe in the future
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26GHz band and 79GHz band SRR will be harmoniously available in EU.

In Japan as a very important region where many technologies are in competition, Ministry
Internal Affairs and Communications (MIC) of Japan guided the academic and industrial to
investigate the quasi-millimeter-wave radar several years. However an allocation for 24GHz
SRR is not yet available in Japan. Since December 2006 a study group works on the boundary
condition for the frequency allocation for UWB SRR. Short range automotive radar frequency
allocation (SARA) proposes an allocation for 24GHz for a limited time and an allocation
around 26GHz analog to the upper part of the US regulation without any restrictions in time or
quantity [31].

The global frequency regulations status is shown in TABLE 1-1. From this table, the fre-
guency doubler should cover the band from 22GHz to 29GHz to meet the frequency band in
USA, EU and Japan.

TABLE 1-1
Global frequency regulations status of automotive radar sensor frequency bands
24GHz 24GHz 26GHz
Narrow band UWB for SRR UWB for SRR

USA 100/250MHz 7GHz 4GHz
Available Available Available

EU 200MHz 5GHz 4GHz
Available Until 2013 Proposed
Japan 75MHz 2.25GHz 4.25GHz
Available Study underway Proposed
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1.3.2  Fundamental frequency suppression

Po(fo)
Pi(fo) o— X2 |—o0 Po(2f0)

Po(3/o)

Fig.1-5 Input/output of frequency doubler
The frequency doubler usually adopts nonlinearity of transistors and frequency multiplication.
The Fig.1-5 shows the input and output of frequency doubler. From Fig.1-5, the desired output
power of frequency doubler is the power of the second harmonic frequency. However, as the
desired power being generated, the unwanted powers are also accompanied with the desired
power such as fundamental frequency, third harmonic frequency and so on. In the Fig.1-3(b),
the unwanted frequency may be injected into power amplifier (PA) and couple to the low noise
amplifier (LNA) by the switch. The unwanted powers going into the PA and LNA deteriorate
the performance of PA and LNA [32]. Moreover, these unwanted frequencies may result in de-
sensitization, cross modulation and inter modulation by the radiation of antenna when the un-
wanted signals fall in the corresponding bands [33]. In the UWB spectrum mask announced by
FCC, the fundamental suppression should be greater than 20dBc. Hence, the output of fre-
quency doubler should reject the unwanted frequencies, fundamental frequency in particular.

The fundamental frequency suppression is defined as below:

P,(2
F.S(dBc) = 10 logyg (PO(( ffo(’))) (1-3)

where F.S indicates the suppression ratio.

1.3.3  Conversion gain and input power

Frequency doubler cascading with VCO or PLL supplies power to the subsequent stages such
as PA in transmitter and down converter in receiver path. Driving PA or down converter needs

frequency doubler with a certain conversion gain. Conversion gain is defined in equation 1-4.
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P, (2
C.G(dB) = 10logy, (#ff))) (1-4)

where C.G indicates the conversion gain.

From the equation 1-4, the conversion gain is ratio of output power with respect to input power.
The input of frequency doubler is the output of VCO or PLL. Hence, the output power of VCO
determines the input power of frequency doubler. As known that, the output power of VCO in
high frequency band is not high. The high output power of VCO consumes high DC power in-
cluding output amplifier. Hence, frequency doubler should exhibit high conversion gain in low
input power which releases the design difficulty of VCO.

1.3.4  DC power consumption

The DC power consumption of frequency doubler is not larger compared with the PA. Howev-
er, obtaining high output power of frequency doubler is at cost of large DC power, the fre-
guency doubler implemented in compounded semiconductor devices such as Indium Phosphite
(InP), Gallium Arsenide (GaAs) in particular. Though Si-based frequency doubler can be oper-
ated in low supply voltage and consume low DC power, high input power must be provided to
drive doubler and the output power is low. The injection locked frequency multiplier is used to
in low DC power consumption, however, its performance is determined by injected power and

the bandwidth is narrow.

135 FOM

As mentioned above, many performance indexes are given, such as bandwidth, fundamental
suppression, and DC power consumption. Comparing the doubler performance with other
works fairly is important. Hence, figure of merit (FOM) to evaluate the performance of doubler

is defined in equation 1-5.

FOM = 20log,o(BW x 100) + F.S — 10logy, (1‘;‘1";) (1-5)

In this equation, BW and Ppc are the frequency bandwidth and DC power consumption of
the frequency doubler. The BW is a relative bandwidth. F.S denotes fundamental frequency

suppression of the frequency doubler.

10
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1.4  Objective and organization of this dissertation

The objective of this dissertation is to achieve high performance of frequency doubler IC used
in wireless communication. As mentioned above, several research subjects of frequency doub-
ler are worth studying. In this dissertation, broadband, high suppression and low input power of
frequency doubler are focused on. This dissertation consists of five chapters. From Chapter 2 to
Chapter 4, these subjects will be researched and demonstrated using the proposed scheme. At
last, the conclusion and future work will be given in the Chapter 5. The Fig.1-6 shows the re-
search objective and organization of this dissertation.

In the Chapter 2, a compact broadband Marchand balun based on silicon technology is im-
plemented and valued. Firstly, the passive baluns are reviewed in the section 2.2 in which the
Marchand balun is a good candidate to be chosen due to wideband imbalance performance.
Then, the cross-section of SiGe BICMOS which is used to design balun is introduced in section
2.3. The balun design is described in section 2.4 in which a effective slow wave pattern ground
structure is proposed. At last, a compact broadband balun is implemented and measured in sec-
tion 2.5. This work achieves 1dB of amplitude imbalance and 10° of phase imbalance in the
band of 20GHz-50GHz. In this band, the minimum insertion loss is 1.5dB. The VSWR which
is less than 2 is from 23.4GHz to 39.1GHz. The chip core size is only 0.03mm?. Compared
with the balun using the conventional slot pattern ground structure, the 6-dB cuf-off frequency
is extended by 6.6GHz.

In the Chapter 3, a broadband frequency doubler IC based on silicon technology is imple-
mented and valued. Firstly, the broadband frequency doublers are reviewed in section 3.2 in
which active doubler is selected due to high conversion gain and low input drive power. Then,
the RF performance of SiGe BiCMOS used in this dissertation is introduced in section 3.3. The
SiGe BICMOS technology exhibits excellent radio frequency performance indicating very
suitable for millimeter-wave applications. In the section 3.4, an internal low pass filter tech-
nique is designed to achieve high suppression, and a pair of matching circuits is effective so
that keep the doubler operates in low input drive power with high suppression. At last, the
measured results exhibit better than 30dBc in a broad frequency band of 22-30GHz.

In the Chapter 4, a high suppression and low input power frequency doubler IC based on
push-push circuit is implemented and valued. Firstly, the frequency suppression techniques are

reviewed in the section 4.2. Then, high suppression frequency doubler is proposed and de-

12
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signed. In the frequency doubler, a series LC resonator rejects the fundamental frequency at the
output of the doubler core and matches with the input impedance of the output buffer simulta-
neously. At last, the measured results of the doubler shows fundamental frequency suppression
as high as 66dBc and conversion gain of 9.2dB at an output frequency of 26GHz which exhibit

comparable performance with the compounded technology.

1.5 Conclusion

In this chapter, the trend of wireless communication applications is introduced in the back-
ground, vehicular radar sensor in particular. The frequency doubler in the wireless communica-
tions systems is a key component composing of stable signal source which is explained in the
section 1.2. There are several research subjects for the frequency doubler such as operation
bandwidth, frequency suppression, conversion gain, input drive power and DC power con-
sumption. These subjects are described in detail in section 1.3 and performance evaluating eg-

uations are also defined. At last, the objective and organization of this dissertation are given.

13
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Chapter 2 Compact Broadband Marchand

Baluns for Millimeter-Wave Applications

2.1 Introduction

In the Chapter 1, the trend of millimeter-wave communications has been demonstrated. Re-
cently, millimeter-wave communication market has experienced explosive growth, boosting the
developments of millimeter-wave circuits based on advanced CMOS and SiGe BiCMOS
processes. And many RF transceivers use a combination of single-end and differential device.
To interface these different components within a transceiver, a balance to unbalance (or vice
versa) component called balun is essential. Hence, broadband baluns are critical components
incorporating into circuits such as mixers, power amplifiers and antennas in millimeter-wave
band applications shown in Fig.2-1 [1]-[3].

Generally, balun includes active balun and passive balun. In the case of active balun, it is
usually implemented based on transistor. There are various types of active baluns such as a
common-source/common-gate type, a source/drain type, a push-pull type and a distributed
balun type [4]-[7]. An important property of active balun is DC power consumption. Although
the active balun generates conversion gain, its bandwidth is narrow.

Another case is passive balun implemented by coupling line [8]. Because the passive balun
requires no DC power consumption, has little dependence of performance on the temperature

and has no linearity requirement, passive baluns are better candidates compared with active
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baluns from the point of view of the DC power consumption and linearity. TABLE 2-1 shows

the comparisons between active balun and passive balun.

Balun Mixer Mixer Balun

i HOn>

(b}

Dipole Ant.
Balun
Balun

mﬂ@@y

(d)

Fig.2-1 Balun applications for differential circuits

TABLE 2-1
Summary of characteristics of active balun and passive balun
Active balun Passive balun
Loss/gain conversion gain insertion loss
DC power consumption with without
Bandwidth narrow moderate
Chip size moderate large
Balance performance moderate good
Performance dependency on temperature with without
Linearity requirement with without
Directionality unidirectional bi-directional

The important figure of merits of balun includes amplitude imbalance, phase imbalance, inser-
tion loss/conversion gain and chip area efficiency. Ideally, the signals at the two differential

ports are perfectly equal in amplitude and 180° out of phase for all frequencies, however, in
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fact the amplitude of balanced ports are slightly different. The definition of amplitude imbal-
ance is shown in equation 2-1, and similarly, the definition of phase difference between bal-

anced ports is given by equation 2-2.
Amplitude imbalance/dB = A = 20 * logqg |§ﬂ| (2-1)
21

Phase imbalance/° = 6 = |£S531 — 45,1 — 180°| (2-2)

S,1 and S are the transmission S-parameters from unbalanced port to balanced ports, re-
spectively.

When designing a balun, the performance tradeoffs of these figures of merits should be
carefully considered to obtain most optimized performance. This chapter is organized as fol-
lows. Review of previous passive baluns is followed this part shown in section 2.2, and section
2.3 reviews the metal layer structure of SiGe BiCMOS technology. Then section 2.4 gives the
design of proposed balun using modified slot pattern ground, and section 2.5 demonstrates the

measured results. Finally, section 2.6 gives a conclusion.
2.2 Passive balun review

Passive balun usually utilizes the transmission lines coupling. There are three kinds of balun

that will be introduced in this section.

2.2.1 Transformer-based balun

Transformer is well known applied in RF ICs, i.e. LNA, VCO, mixer, to obtain good imped-
ance matching, low noise figure, wideband operation etc. Due to the symmetrical property from
the point of view of physical layout and electrical characteristic, transformer can be easily op-
erated as a balun. [9][10]. However, from the applications of this kind of balun, it is effective
operating less than 10GHz and narrow band. Self-resonance frequency limited high frequency
application owing to the parasitic capacitance. In addition, this kind of balun usually needs be
parallel with capacitors in the input and output to tune the balance performance and insertion

loss.
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2.2.2 Transmission line balun

Transmission line balun usually is designed in printed circuit board because of occupying large
area, for instance, lange coupler, wilkinson coupler, rat-race balun. Lange coupler based balun
shows narrow bandwidth of phase imbalance (less than 10°) [11]. In the terms of wilkinson
coupler based balun exhibits wideband characteristic of phase imbalance and good phase im-
balance performance which is less than 3° in the W-band [12]. However, the chip size is
0.24mm°. The rat-race balun is another type to achieve broadband operation which drawback
also is large chip size [13]. The drawback of large size of transmission line shows limitation in
the quasi- and millimeter-wave applications.

2.2.3 Marchand balun

Marchand balun is an important and widely useful kind of passive balun due to wideband
property since it has been first proposed by Marchand [14], then simplified by Roberts [15].
Basically, the Marchand balun consists of an unbalanced open end, two short ends and bal-
anced transmission line shown in Fig.2-2. Many researchers are engaging in improving per-
formance of Marchand balun on-chip, i.e. planar spiral Marchand balun [16], stacked spiral
Marchand balun [17], spiral Marchand balun with slot pattern [18], asymmetric broad-
side-coupled Marchand balun [19], meandered multiplier Marchand balun [20] and 3-D Mar-
chand balun [21].

1 1
unbalance port %A %A
O— open
portl
short port2 port3 short

balance ports

Fig.2-2 Equivalent circuit of Machand balun
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TABLE 2-2
Summary of recently published works

Bandwidth of

Ref. Type Size/mm? Bandwidth/GHz 3dB insertion
@AI/PI? loss® /GHz
[13] Rat-race 0.35 40-61@1.5dB/15° 44-61
[16] Planer spiral Marchand 0.16 4-16@2dB/10° NA
[17] Stacked spiral Marchand 0.05 22.4-37.3@1dB/10° NA
[18] With slot pattern Marchand 0.07 18.4-32.2@1dB/5° 17.8-39
[19] Asymmetric broad- 0.06 16.5-67@1dB/5° 22-54
side-coupled Marchand

[20] Meandered Marchand 0.058 15.5-40@NA’/10° 16-40
[21] 3-D Marchand 0.12 25-50@3dB/6° NA

a:Amplitude Imbalance/Phase Imbalance.
b:Amplitude imbalance is 1.5 dB at 23.6GHz.

¢:The 3dB insertion loss excludes ideal 3dB balun loss.

To have insight into these baluns performances, comparison of performance is depicted in
TABLE 2-2. From this table, the rat-race balun has 41.6% of bandwidth, but its balun size is
large and its balance performance is not good. The Marchand balun listed in the table illustrates
good phase imbalance performance which is less than 10°. Baluns in [17]-[21] use size reduc-
tion technique such as staked technique, slot pattern technique, meandered technique and 3-D
technique. However, the staked balun and 3-D balun has high insertion loss and the amplitude
imbalance of the meandered balun is 1.5dB at 23.6GHz. The balun in [19] using two size re-
duction techniques simultaneously has good imbalance performance and wide bandwidth of
insertion loss, however, its balun size is not small. The slot pattern type balun has a potential to
reduce size further, however, the balun in [18] does not show high size efficiency.

Although Marchand baluns mentioned above could reduce balun size, operate in broad
bandwidth and have good imbalance performance, to further save chip size, reduce insertion

loss with good imbalance performance in broadband is a meaningful challenge work.
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M

|

Fig.2-3 The cross-section view of 0.25-um SiGe BiCMOS technology [22]
2.3 Cross-section introduction of SiGe BIiCMQOS

The balun is to be designed on the 0.25-um SiGe BiCMOS technology. Then before designing
the balun, it is necessary to introduce the metal layers structure of this technology. Fig.2-3
shows cross-section of the metal layers of 0.25-um SiGe BiCMOS technology. From Fig.2-3, it
is seen that this technology includes four metal layers (M1-M4), and the thickness of the top

metal layer (M4) is 3-um which can result in low loss.
2.4  Compact broadband balun design

From this section, we propose a effective slot pattern ground to reduce the balun size. Consid-
ering the band width of the imbalance performance, the high ratio of the even-mode impedance
with respect to the odd-mode impedance is needed. The transmission line width and space is

optimized to obtain wide bandwidth of imbalance performance.
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2.4.1  Design goal

As reviewed in section 2.2, the Marchand balun has better performance than transformer-based
balun and transmission line balun. Hence, Marchand balun is a good candidate to be chosen.
The balun is to be operated in the quasi-millemter-wave and millimeter-wave applications. The
insertion loss is to be less than 3dB in the operation band and the imbalance performance is to
be within 1dB/10° in the operation band. The balun size is to be less than 0.04mm?. The design
goal is listed in the TABLE 2-3.

TABLE 2-3
Design goal of this work
Balun type Operation band Al/PI® Insertion loss® Size
Marchand 22-50GHz 1dB/10° <3dB <0.04mm?

a:Amplitude Imbalance/Phase Imbalance. b:Insertion loss is excluding 3dB balun ideal loss.

2.4.2 Analysis and design of proposed slot pattern ground

Due to the silicon substrate floating, the explicit ground is indispensable, which can supply
accurate common ground for signal lines. The solid ground can effectively reduce the loss gen-
erated by the silicon substrate because the electric field of signal lines would be terminated
before reaching the silicon substrate. However, the critical issue occurs according to the Lenz’s
law, which can induce the eddy current on the solid ground. The direction of the eddy current is
opposite to the one in the signal lines. According to the coupling line theory, the negative mu-
tual coupling between the eddy current and the signal lines current could reduce the magnetic
flux, and thus the signal lines inductance. In addition, both the solid ground and the signal lines
can also be treated as a non-inverting transformer [23], thus the input resistance of the signal
lines will be increased, which can increase the insertion loss and decrease the Q value.

Slot pattern ground structure (also called defected ground structure) is widely used in minia-
turization for microstrip antenna [24], microstrip filter [25] and other impedance matching cir-
cuits for active devices [26] due to slow wave effect in wave propagation. Generally, the slow
wave factor (SWF) is defined by Xq/Asq Where A, is the free space wavelength and the Agq

is the guide wavelength. Furthermore, the SWF of the microstrip line with slot pattern ground
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is defined by €. 4 and given as follows [27]:

A
+/ eff,d = j (2-3)

Ao-AO

SWE(f) = \/€etra = 0360(Lf) + \/€eit (2-4)
e+l -1 R\ 05

1/8eff = 2 +T(1+12;) (2-5)

In the above equations, L is the physical length of microstrip lines, €. is the effective per-
mittivity of microstrip without slot pattern ground, and A6(f) is the phase difference (in de-
grees) of Sy, of microstrip lines between with slot pattern and without slot pattern ground. The
dispersion effect caused by slot pattern ground is indicated by A®.

In [18], a conventional U-type slot pattern for Marchand balun was introduced to reduce ba-
lun size and insertion loss shown in Fig.2-4 (a). However, this type slot pattern cannot provide
sufficient slow wave effect to further reduce balun size. Hence, a new slot pattern is proposed
to achieve size reduction shown in Fig.2-4 (b). In order to compare the proposed slot pattern
with conventional one, a spiral transmission line is designed using the conventional slot pattern
ground and the proposed one, respectively. The simulated phases of S,; of the spiral transmis-
sion line with proposed and conventional slot pattern grounds are demonstrated in Fig.2-5. In
this figure, the phase difference is also shown, which indicates that the proposed slot pattern
ground delay the signal propagation compared with the conventional one. To describe this ef-
fect quantitatively, the SWFs of the proposed slot pattern ground and conventional one can be
calculated by the equation 2-4, respectively. The calculated results are shown in Fig.2-6. From
Fig.2-6, the proposed slot pattern ground has higher SWF than the conventional one, especially
in high frequency band. Hence, the proposed slot pattern ground can reduce the balun size. In
other word, with the same size of the balun, bandwidth of the balun using proposed slot pattern

ground would be wider than the one using conventional slot pattern ground.
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Fig.2-6 Slow wave factor of the conventional and proposed slot pattern ground

2.4.3 Proposed balun design

In the Fig. 2-2, the imbalance performance can be quantified by equation 2-6 [28]. Zo. and Zg,
are the even- and odd-mode impedance per unit length of the coupled line, respectively. Equa-
tion 2-6 indicates that the imbalance performance of balun is dominated by the ratio of the
even- and odd-mode impedance. A large impedance ratio between the even- and odd-mode im-
pedance of the coupled lines is required. Equation 2-7 shows the impedance ratio between the
even- and odd-mode impedance of the coupled lines [29]. L., Lo, Ce and C,are the even- and
odd-mode inductances or capacitances per unit length of the coupled lines. Hence, the balun
performance has a relationship with these four parameters and optimization of these four pa-

rameters can obtain high balun imbalance performance.

S31 _ _ Zoe=Zoo (2-6)
S21 Zoe+Zoo

Zoe _ [LeXCy 2-7)
Zoo Lo XC,
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The proposed balun is designed using the top metal of 3-um thickness and simulated by An-
soft HFSS. The structure of the proposed balun is illustrated in Fig.2-8. From Fig.2-8, the balun
consists of a pair of coupled spiral inductors and the proposed slot pattern ground structure un-
der the spiral inductors. The line width of 6-um is selected for balun size reduction and capaci-
tance decreasing. The line space of the balun is 3-um for high coupling effect. High coupling
effect also increases the capacitance C, between the coupled lines. The inner dimension is op-
timized to reduce the insertion loss and amplitude imbalance. The optimized slot in Fig.2-8
delays the even-mode signal and shorts the odd-mode signal from the point view of signal [29].
Therefore, the inductance of even-mode is increased and the one of odd-mode is independent
on slot. According to the analysis before, the balun can be expected to obtain good imbalance
performance with wide bandwidth owing to high impedance ratio between even- and odd-mode
impedance.

Portl is the unbalanced port and ports 2, 3 are the balanced ports. The length (L) of the balun
is 278-um and the width (W) of the balun is 120-um shown in Fig.2-8 (c).

portl

port2 | ‘pmt% M4 Ml
(@)

®)

(c)

Fig.2-8 Marchand balun using proposed slot pattern ground (a) coupling line of the balun (b)

proposed slot pattern ground (c) 3-D view of the balun
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Fig.2-10 Imbalance performance of the proposed balun
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The simulated results are shown in Figs.2-9 and 2-10. In the Fig.2-9, the insertion loss of the
proposed balun is described where the 6-dB cut-off frequency (f1) is 21.7GHz. In the terms of
the imbalance performance shown in Fig.2-10, the amplitude imbalance is less than 1dB from
10 GHz to 59.3GHz. The phase imbalance is less than 10° in the band of 10-55.5GHz.

As mentioned in section 2.4.1, the proposed slot pattern can reduce the balun size. In order to
fairly compare with the performance of the proposed balun, the balun using conventional slot
pattern ground is also designed shown in Fig.2-11. The length and width of the conventional
balun are the same with the proposed balun. The performances of the conventional balun are
shown in Figs.2-12 and 2-13. In the Fig.2-12, the insertion loss of the conventional balun is
described where the 6-dB cut-off frequency (f1) is 27.1GHz. In the terms of the imbalance
performance shown in Fig.2-13, the amplitude imbalance is less than 1dB from 13.5GHz to
60GHz. The phase imbalance is less than 10° in the band of 10-58.8GHz.

portl

M4
port2 port3 M1

(a) (b)

(c)

Fig.2-11 Marchand balun using conventional slot pattern ground (a) coupling line of the balun

(b) conventional slot pattern ground (c) 3-D view of the balun
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Fig.2-13 Imbalance performance of the conventional balun
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The simulated performance comparison of the proposed and conventional balun is listed in
TABLE 2-4. From this table, the proposed balun shows the comparable minimum insertion loss
and bandwidth of imbalance with the conventional balun. However, the 6-dB cut-off frequency

of the proposed balun is extended as expect. This extended frequency achieves 5.4 GHz com-

pared with the conventional balun.

TABLE 2-4
Comparison of simulated results between the proposed and conventional balun
6-dB cut-off fre- Insertion loss/dB® Bandwidth of
quency/GHz Imbalance/GHz"
Conventional balun 27.1 15 13.5-58.8
Proposed balun 21.7 1.6 10-55.5

a: Minimum average insertion loss excluding 3dB balun loss

b: Bandwidth of imbalance at 1dB of amplitude imbalance and 10° of phase imbalance

2.5  Measurements and performance comparison

The proposed and conventional baluns are implemented in 0.25-um SiGe BiCMOS shown in
Figs.2-14 and 2-15. The core sizes of the fabricated baluns are 0.03mm?. The layout of the
center signal pad should be as small as possible (50umX50um) with a pitch of 150-um. The
baluns are measured on wafer using 50 Q system. The ground-signal-ground-signal-ground
(GSGSG) RF probe is used to measure the imbalance performance. In the ground of conven-

tional balun, many slits are inserted to meet the requirement of design rule.
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Fig.2-15 Microphotograph of the conventional balun
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25.1 Measured results

The measured insertion losses are demonstrated in Fig.2-16. From the Fig.2-16, the minimum
insertion loss of the proposed balun is 1.5dB. The 6-dB cut-off frequency of the proposed balun
is 21.7GHz which agrees with the simulated results. The bandwidth of 6-dB insertion loss (in-
cluding 3-dB balun loss) in the proposed balun is from 21.7GHz to 50GHz. From 35GHz, the
insertion loss of the conventional balun is the same with the proposed one. However, at the low
band, the insertion loss of the proposed balun is smaller than the conventional one. The con-
ventional balun shifts the 6-dB cut-off frequency by 1.2GHz because the inserted slits men-
tioned above under the signal line introduce extra loss. The 6-dB cut-off frequency of the pro-
posed balun is extended by 6.6GHz compared with the conventional one, which indicates the
proposed slot pattern ground can improve insertion loss and result in wide band balun opera-
tion.

0 -
21.7GHz
54 M
% 3 T
@ 28.3GHz
o
S -10 ]
e fs f4
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Fig.2-16 Measured insertion loss of the proposed and conventional baluns
The measured imbalance performances are shown in Figs. 2-17 and 2-18. In the Fig.2-17, the

proposed balun has less than 1dB of amplitude imbalance from 20GHz to 57GHz. In the terms

of the conventional balun, the amplitude imbalance is increased at high band from 47GHz. On

33



Chapter 2 Compact Broadband Marchand Baluns for Millimeter-Wave Applications

the other hand, the phase imbalance of the proposed balun is less than 10° in the band of
10-50GHz.
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Fig.2-17 Measured amplitude imbalance of the proposed and conventional baluns
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Fig.2-18 Measured phase imbalance of the proposed and conventional baluns
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Fig.2-19 Measured return loss of the proposed and conventional baluns

TABLE2-5
Summary of measured results of the proposed balun
Bandwidth of 3dB Minimum Bandwidth of Bandwidth
insertion loss® insertion Imbalance/GHz® | of VSWR<2
IGHz loss/dB?
Proposed balun 21.7-50 15 20-50 23.4-39.1
Conventional 28.3-50 15 20-50 29.4-41.2
balun

a: Minimum average insertion loss excluding 3dB balun loss

b: Bandwidth of imbalance at 1dB of amplitude imbalance and 10° of phase imbalance

The measured return loss is described in Fig.2-19. From Fig.2-19, although the minimum
return loss of the conventional balun is less than the one of the proposed balun, the bandwidth

of the proposed balun which VSWR is 2 is wider than the one of the conventional balun.

The summary of the measured proposed and conventional balun is listed in TABLE 2-5.

From this table, the performance of the proposed balun satisfies the design goal coving the
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quasi-millimeter-wave UWB. Moreover, the band of VSWR less than 2 is available for UWB
band. The band of imbalance performance and the band of 3-dB insertion loss are in the same
band, which shows the proposed balun can be effectively applied.

2.5.2  Performance comparison

In order to compare the performance of the proposed balun with previous works, TABLE 2-6
gives the performance comparison with other works and Fig.2-20 shows balun size and band-
width performance. Compared with the conventional balun, the proposed balun exhibits wider
bandwidth with the same size . From this figure, it is can be seen that this work has small size
and wide bandwidth. Hence this work could be used in quasi-millimeter-wave and millime-

ter-wave applications such as mixers, doublers, low noise amplifiers and power amplifiers.

TABLE2-6
Performance comparison with other works
Reference Size/mm® Operation band®
This work 0.03 78.9%
Conventional balun 0.03 55.4%
[13] 0.35 41.6%
[17] 0.05 50%
[21] 0.12 67%

a: Operation band denotes the frequency band of imbalance less than
1dB/10° and insertion loss less than 3dB.
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Fig.2-20 Size and bandwidth comparison with previous millimeter-wave band balun

2.6  Conclusion

In this chapter, a compact broadband Marchand balun for millimeter-wave applications is pro-
posed. The proposed balun is implemented in 0.25-um SiGe BiCMOS and measured on wafer.

In order to design compact broadband balun, a novel slot pattern ground structure is pro-
posed and designed. This novel slot pattern ground structure has high SWF to reduce balun size.
To obtain wide bandwidth imbalance performance, even- and odd-mode concept is used to de-
sign and optimize the spiral transmission line. The optimized even- and odd-mode impedances
result in high ratio of even-mode impedance with respect to odd-mode impedance.

Due to utilization of these techniques, this work achieves 1dB of amplitude imbalance and
10° of phase imbalance in the band of 20GHz-50GHz. In this band, the minimum insertion loss
is 1.5dB. The bandwidth of 3dB insertion loss is from 2.7GHz to 50GHz. The VSWR which is
less than 2 is from 23.4GHz to 39.1GHz. The chip core size is only 0.03mm?. Compared with
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the balun using the conventional slot pattern ground structure, the 6-dB cuf-off frequency is
extended by 6.6GHz. It indicates that the proposed slot pattern ground structure is effective to

improve insertion loss of balun in low band.
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Chapter 3 Broadband Frequency Doubler IC for

Wireless Communications

3.1 Introduction

In the Chapter 2, broadband compact baluns are implemented and measured on-wafer. The
broadband performance was verified according to the measured results. A broadband frequency
doubler based on Gilbert cell integrated input and output baluns for wireless communication
applications is proposed in this chapter.

In 2002, the Federal Communication Commission announced the allocation of ul-
tra-wideband spectrum in certain frequency bands. The UWB spectrum between 0 and
960MHz is used for ground penetrating radar (GPRs) and through wall imaging systems. The
UWB frequency spectrum between 3.1 and 10.6GHz is allocated for the communication sys-
tems. The UWB frequency spectrum between 22GHz and 29GHz is used for vehicular short
range radar (V-SRR) systems [1]. The advantages of UWB systems include low power con-
sumption, simple receiver architecture, and higher range resolution. UWB can be used for short
range vehicular radar systems, which are used for anti-collision sensing, adaptive cruise control
(ACC) support, blind spot detection, and parking aid [2][3][4]. So far, about 60 countries allow
the V-SRR applications. However, the available frequency band is slightly difference shown in
Fig.3-1. In the USA, this configuration has a drawback of necessitating strict control of the

output spectrum to avoid emission at the frequency in the forbidden band (23.6-24.0GHz), very
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close to the ISM band, which is saved for radio astronomy and for satellite remote sensing. The
EU allows the frequency band of 22-26.65GHz for the V-SRR [5]. From 2007, Japan began to
investigate and introduce the V-SRR application at the band of 22-29GHz. The band of
22-24.25GHz is conditionally utilized because there are some application in this band such as
radio astronomy applications. Hence, the 26-GHz band (24.25-29GHz) is unlicensed and for a
long-range use [6].

23.6-24GHz
23.12 29
GHz GHz
USA
22 26.65
GHz GHz
EU
24.25 29
GHz GHz

Japan

Fig.3-1 Frequency band allocations for V-SRR systems in USA, EU and Japan.

The broadband V-SRR systems is necessary to cover the band of 22-29GHz meeting the
frequency band of requirements of the USA, EU and Japan. As mentioned in chapter 1, fre-
guency doubler is key component composing of the V-SRR systems. Hence, the performance
of broadband V-SRR systems depends on the broadband frequency doubler.

This chapter is organized as follows. Broadband frequency doubler circuit review followed
this part is shown in section 3.2, and section 3.3 presents a 0.25-um SOI SiGe BiCMOS tech-
nology employed in this work. section 3.4 describes frequency doubler design. From section
3.5, measured results and discussions are demonstrated. Finally, section 3.6 gives a conclusion
of this chapter.
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3.2 Broadband doubler circuit review

As mentioned above, broadband operation of frequency doubler is of importance to meet dif-
ferent requirements. Hence, broadband frequency doublers are reviewed from this section. So
far, there are two type broadband frequency doubler adopted by researchers. One is passive
frequency doubler which uses diodes [7]. Another is active frequency doubler which is utiliza-
tion of frequency multiplication and nonlinearity of transistors [8][9].

3.2.1  Passive frequency doubler

Passive frequency doubler usually consists of wideband balun and a pair of antiparallel diodes.
The input power are divided into two parts to feed two antiparallel diodes. Due to the diodes
being antiparallel, the generated second-harmonic signals are 180° out-of-phase. The
second-harmonic signals are combined through the balun at the output. The passive frequency
doubler using balun and antiparallel diodes can achieve high bandwidth [10][11]. However,
they suffer greatly from the conversion loss (typically from -12 to -15dB) caused by the large
series resistance. Larger size diodes can be used to improve the performance, however, at the
expense of the parasitic capacitance, which limits the high frequency response. The availability
of broadband baluns is also necessary to provide fully differential operation across the band-
width. Moreover, the passive frequency doubler usually needs high input power as high as
14dBm in [12]. The high input power is difficult to be obtained by the oscillator in low DC
power IC solution. Hence, the passive frequency doubler is not applicable for high integration

los DC power IC solution.

3.2.2  Active frequency doubler

So far, many researchers use state-of-the-art technology to improve performance of active fre-
guency doubler such as InGaP-based doublers [13][14], GaAs-based doublers [15]-[18],
SiGe-based doublers [19][20] and CMOS-based doublers [21][22].

Active differential/single-ended frequency doubler usually adopts the nonlinear characteris-
tics of the transistor which generates second harmonic frequency at the output. The differential
doubler usually utilize push-push circuit to cancel fundamental frequency while the sin-
gle-ended douler use input/output reflector to improve fundamental frequency suppression

[23][24]. Frequency doubler achieving broadband operation always needs input/output imped-
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ance matching network, The input/output impedance matching networks are composed of sev-
eral series capacitor and inductors. The fundamental frequency suppression and conversion
gain frequently depend on the performance of the inductors. In the high frequency band, Q
value of the inductor is difficult to achieve high value using Si-based process [25]. Hence, the
inductor performance limits the broadband operation and degrades the fundamental frequency
suppression.

Another broadband frequency doubler is based-on Gilbert cell which uses the frequency
multiplication. Owing to the differential operation of the Gilbert cell, a balanced broadband
matching circuit at the input is necessary such as power splitter cascading Cherry—Hooper to-
pology [26][27] and input doubler emitter followers [28]. The power splitter and input doubler
emitter followers result in broadband operation for frequency doublers. However, they are ac-

tive circuits and the DC power consumption of the frequency doublers is increased.

3.3 0.25-um SOI SiGe BiCMOS technology

SiGe BiCMOS has become a dominant technology for radio frequency circuit implementation
partly due to steep performance gains which have enabled products with lower power con-
sumption, smaller form factors, and higher functional integration [29]. Also contributing to the
popularity of SiGe BiCMOS is the fact that common radio architectures are well suited to im-
plementation in a combination of bipolar and CMOS devices, as well as the fact that SiGe
BiCMOS is available today from a variety of sources making it easily accessible and afforda-
ble.

A 0.25-um SiGe BiCMOS technology that includes four metal layers (3-um thickness of the
top layer) and four poly (MOS gate, poly resistor, double-poly self-aligned SiGe HBT) is per-
formed on an silicon on insulator (SOI) shown in Fig.2-3. The substrate resistivity is several
tens Q-cm. Metal insulator metal (MIM) capacitor is performed between the first metal layer
and the second metal layer. Devices can be completely isolated by the buried SiO, layer and
shallow/deep trench isolations to realize latch-up free structure. These devices and metalliza-
tion are fabricated on a 200-mm wafer line.

An typical cross-sectional view of SiGe HBT is shown in Fig.3-2 [30]. The typical specifica-
tions of 0.25-um SiGe HBT used in this thesis is listed in TABLE 3-1. The cutoff frequency (f;)
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and the maximum oscillation frequency (fnax) are 137 GHz and 180GHz, respectively. Hence,

these results indicate that the SiGe HBTs are very suitable for millimeter-wave applications.

Base

Sip+

Emitter

Collector

Sin+

Sip+

/

p-SiGe

S102

Sin+

p-substrate

Fig.3-2 An typical cross-sectional view of SiGe HBT [30].

TABLE 3-1
Typical specifications of SiGe HBT(25°)
Beno Beeo fi finax Emitter size
6.5V 2.0V 137GHz 180GHz 0.2x1um’

3.4 Broadband frequency doubler design

From this section, a Gilbert cell based frequency doubler is to be designed. In this section, de-

signed goal is given firstly, then the components composing of frequency doubler are designed
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respectively. At the last, the simulated results of the frequency doubler are given. The block

diagram of the proposed frequency doubler is shown in Fig.3-3.

Inputbalun Gilbert cell Amplifier Outputbalun
- LX) > —

Fig.3-3 The block diagram of frequency doubler

3.4.1 Design goal

As it is well known, specifications of frequency doubler strongly depends on a target applica-
tion system. Typically, a frequency doubler is applied in a quasi-millimeter-wave UWB radar
sensor system. In this application, the equivalent isotropic radiated power (EIRP) in the availa-
ble band is -41.3dBm/MHz while the one is less than -61.3dBm/MHz out of the available band
shown in TABLE 3-2 [31]. Hence, the ratio of EIRP in band with respect to the one out of band
is 20dBc.

TABLE 3-2
EIRP for V-SRR in the USA, EU and Japan
USA EU Japan
Available band/GHz | 23.12-23.6 and 24-29 22-26.65 24.25-29
EIRP in band -41.3dBm/MHz -41.3dBm/MHz -41.3dBm/MHz
EIRP out of band -61.3dBm/MHz -61.3dBm/MHz -61.3dBm/MHz
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TABLE 3-3
Design goal of frequency doubler
Items Specifications
Bandwidth 22-29GHz
Input power <0dBm
Output power >-10dBm
Suppression ratio () >30dBc
Suppression(3fy) >20dBc
VSWR <25
DC power consumption < 80mw

The design target of the frequency doubler is listed in TABLE 3-3.

Gilbert cell is adopted for frequency multiplication in the broadband frequency doubler with
high fundamental frequency suppression. High fundamental frequency suppression can alle-
viate the influence of fundamental frequency to subsequent stage of doubler, for example,
power amplifier in FMCW radar frontend [32]. Since the frequency doubler is a differential and
broadband operation circuit, broadband baluns splitting into differential power in the input and
combining differential power in the output are indispensable components. The input and output
baluns provide single-ended ports to test the frequency doubler. In order to obtain a certain
conversion gain, an output differential amplifier is essential to achieve this goal.

3.4.2  Balun design

As mentioned in chapter 2, a passive Marchand balun is chosen for this design due to better
amplitude balance and phase balance than active one. Both input balun and output balun are
designed using the top metal of 3-um thickness and simulated by Ansoft HFSS. Both baluns
are the same structure but different turns and different sizes to meet the input and output fre-
guency bands. The structure of the output balun is illustrated in Fig.2-11. The simulated im-
balance performances of input balun and output balun are depicted in Figs.3-4 and 3-5, respec-
tively. Fig.3-4 shows that the amplitude imbalance is less than 0.5dB and the phase imbalance
is less than 2° from 10GHz to 20GHz. The imbalance performance of the output balun is that
the amplitude imbalance is less than 0.5dB and the phase imbalance is less than 2.5° from
20GHz to 30GHz, as shown in Fig.3-5.
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Fig.3-5 Simulated imbalance performance of output balun
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3.4.3  Doubler core design concept

The Gilbert cell is widely used to implement frequency mixers and variable gain amplifiers
shown in Fig.3-6. The operation principle of the Gilbert cell doubling the fundamental fre-
quency fy is explained by the equations 3-1, 3-2 and 3-3 [33]. Al,,; indicates differential out-
put of frequency doubler, g is the bias current and V+ is the thermal voltage. The DC term in
the equations 3-1, 3-2 and 3-3 is omitted.

Al = Igg [tanh (VRZF—‘XO))] [tanh (VLZO—V(TfO))] ~ % x A? x cos(2wgt) (3-1)
where

Vio(fo) = Ver (fo) = 24 cos(2mfyt) = 2Acos(wot) (3-2)
VRF+(f0) = VL0+(fO) = Acos(2rfy), Ver~ (fo) = Vo (fo) = —Acos(2rfy) (3-3)

Vece %

V%)

o
-,

Fig.3-6 Conventional Gilbert cell for the frequency doubler core.
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The transistors of Q1-Q2 are biased closed to class A and the transistors of Q3-Q6 are biased
near class B. The degeneration resistance R1 (10Q2)and R2 (10Q2) are used to improve the li-
nearity of the transistors of Q1 and Q2. However, the improvement of linearity is limited. Since
the transistors of Q1 and Q2 have nonlinear characteristics, the outputs of Qland Q2 indicate
not only fundamental frequency f, but also second harmonic frequency 2f, and third harmonic
frequency 3f,. If the input signal of doubler core has no imbalance and the devices in doubler
core are matched well, the output of core is only second harmonic and no fundamental fre-

guency component as shown in Fig.3-7(a).

Ver " (fo) = Acos(2mfy) (3-4)
Ver~ (fo) = —Aacos(2nfy + ¢) (3-5)
Algp =1 = I

= gmAlcos(wgt) + acos(wyt + )] + g,’;AZ [cos(Rwyt) — a’cosRwyt + 2¢)] (3-6)

However, the input signal is imbalanced defined in equations 3-4 and 3-5, where a and ¢ de-
note the amplitude and phase imbalance, respectively. Assume that all devices are matched well.
The current of Al is given in equation 3-6. From this equation, the output current of Q1 and
Q2, Algr , includes the fundamental component and second harmonic component. Hence, the
Al,,; of the Gilbert cell is obtained in equation 3-7. The fundamental and third harmonic

components is generated as expected.

Vio (fo)

Al = Igg X Mgy x [tanh ( o

)] = %gmA2 cos(2wgt) + %gmAZa2 cosCwot + 2¢) +
1 1

ImA%acosRuwyt + ) + 29 A3 cos(wot) + 29 A3 acos(wot — @) —

%g'mA:“a2 cos(wyt + 2¢) — %g'mA:“oL3 cos(wot + @) +

1 1 1

29 A% cos(Bwot) + 29 aAacos(Bwot + @) — 29 aA3a% cosBwot + 2¢) —

1
29 LA3a’ cos(Bwot + 3¢) (3-7)
According to the principle of the Gilbert cell doubling fo, much attention should be paid to the
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second harmonic frequency 2f, of Q1 and Q2, because 2f, of Q1 and Q2 can be mixed with fy
of Q3-Q6, and then down-converted to f, and up-converted to 3f, Hence, fundamental fre-
guency and third harmonic frequency components appear in the output of the doubler core
which is demonstrated in Fig.3-7(b). Therefore, to reduce the fundamental frequency and the
third fundamental frequency at the output of Gilbert cell, the second harmonic frequency in the

output of Q1 and Q2 should be as small as possible.

Jo So Jo Jo

2f X

Output spectrum
Output spectrum

Output spectrum
Output spectrum

freq freq freq freq

Outputof Q1 and Q2 Input of Q3-Q6 Outputof Q1 and Q2 Inputof Q3-Q6

2h 2h
B & S 3
freq freq
Outputof Gilbert cell Output of Gilbert cell
@ (®)

Fig.3-7 The frequency conversion in the Gilbert cell: (a) the ideal case , (b) the case with im-

balance input signal and mismatched devices..

The design concept of this doubler core is to degrade the second harmonic frequency at the
output of Qland Q2 and the fundamental frequency at the output of Q1 and Q2 should not be
changed, simultaneously. Hence, an low pass filter (LPF) could reduce the second harmonic
frequency and pass the fundamental frequency. This design concept is shown in Fig.3-8 in
which an LPF is inserted between the transistor of Q1 and switch quad transistors of Q3 and

Q4. On the other hand, the output power from the input balun is divided equally to the transis-
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tors of Q1-Q2 and Q3-Q6. However, the transistors of Q3-Q6 acting as transistor commutating
switch need high power to switch well. Therefore, matching circuit is necessary to provide high

power to the switch quad shown in Fig.3-9.

Q3 Q4

LPF

Ql

Fig.3-8 Design concept of suppress second harmonic frequency for the Q1.

r—----“jl_ Marching

| ..

D Input | circuit _'|E_1
I balun I

| I Marching It
I —— i circuit

Fig.3-9 Design concept of impedance matching between the input balun and switch quad.

3.4.4  Gilbert cell design

As described before, 2f, mainly comes from Q1 and Q2, therefore, a pair of novel internal low
pass LC filters inserted in the outputs of Q1 and Q2 and emitters of switch quad is proposed in
this work demonstrated in Fig.3-10. The supply voltage V. is 2.4V. The specifications of tran-

sistors and inductance and capacitance used in Gilbert cell are listed in TABLE 3-4. The cut-off

53



Chapter 3 Broadband Frequency Doubler IC for Wireless Communications

frequency and maximum oscillation frequency of transistors in Gilbert cell shown in TABLE
3-5 are 81.5 GHz/84.3GHz and 66GHz/79.5GHz for the Q1-Q2 and Q3-Q6, respectively.

Vcco
qt b3
1&-"6_1{5&{ ) Pm:[
matching circuits {—_balun_|
Q3 Qd Q5 Q6;1.|
P L1 L1 “i
C1 c1 |
low pass filters ﬂ} E
Pin | put | Q! Q2:_:|'|
o= balun |

.......... | D

Fig.3-10 The proposed frequency doubler core circuit based on Gilbert cell.

TABLE 3-4
Specifications of transistors and inductance and capacitance in Gilbert cell
Emitter size Values
Q1-Q2 0.2umx4pm L1/L2 0.5nH/1nH
Q3-Q6 0.2umx3um C1/C2 0.28pF/1pF
TABLE 3-5
Cut-off frequency and Maximum oscillation frequency of transistors in Gilbert cell
Q1-Q2 Q3-Q6
fi Mfmax 81.5 GHz/84.3GHz 66 GHz/79.5GHz
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Fig.3-11 shows simulated frequency response of suppression of the proposed Gilbert cell. The
Gilbert cell is simulated with the input and output baluns shown in Fig.3-10. The solid line de-
notes the fundamental frequency suppression ratio of the proposed doubler core while the
dashed one denotes the fundamental frequency suppression ratio of doubler core without LPF.
From Fig.3-11 it is found that the frequency doubler core with internal low pass LC filter effec-

tively improves the fundamental frequency suppression ratio at an input power of -1dBm.

[&]
m
E
o
€
| =
2
@
2
o
(=%
=
w
254 — with LPF
1----wlo LPF
20 T T T T T T T 1
22 24 26 28 30

Freq_out /GHz

Fig.3-11 Frequency response of suppression of the frequency doubler cores.( solid line denotes
the fundamental frequency suppression ratio of the proposed doubler core; dashed line denotes

the fundamental frequency suppression ratio of doubler core without LPF)
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Fig.3-12 The effectiveness of matching circuits in low drive power at input frequency of
11.5GHz.

The power injecting into the switch quad of the Gilbert cell should be sufficient to switch
well. As shown in Fig.3-10, a pair of matching circuits in parallel with the LO inputs is de-
signed. In the operating frequency band, the matching circuits work as inductive circuits to
match input balun and also boost the power to Q3-Q6 without increasing input power of doub-
ler. Fig.3-12 depicts the suppression improving effectiveness of the matching circuit. In
Fig.3-12, it is clearly shown that the doubler core with the matching circuit has much higher
suppression in low input drive power from -25dBm to 0dBm at an input frequency of 11.5GHz.

Parasitic feedback of Q3-Q6 through the base-collector parasitic capacitor at the second
harmonic frequency can deteriorate fundamental frequency suppression performance. Because
the second harmonic frequency coming from the output of the Gilbert cell can be multiplied
with fundamental frequency of LO inputs generating f, component in the output of doubler core.
To alleviate the influence of parasitic feedback, small size transistors of Q3-Q6 are chosen in
this design. Nevertheless, the f; of transistor quad needs to be at least twice the maximum oper-
ating frequency to guarantee fast switching. In this design, f; of transistor quad is 66GHz which

is much larger than twice the maximum operating frequency. The emitter size of transistors of
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Q3-Q6 describes in TABLE 3-4.

In this doubler core, to compensate the conversion loss of the Gilbert cell, an output amplifi-
er is designed and cascaded with the Gilbert cell. Fig.3-13 shows the circuit schematic of the
output amplifier. The supply voltage V¢ amp Of this amplifier is 3.3V. The f; of transistors of
Q7-Q10 are 123GHz. The specifications of transistors and inductance and in output amplifier is
shown in TABLE 3-6. A cascode topology is adopted to improve the gain and a high-pass type
LC circuit is designed to suppress the fundamental frequency signal. Fig.3-14 shows the small

signal gain of the output amplifier with input/output baluns. From this figure, the high-pass

effect is demonstrated.

Vee _amp é
L3 L3

Q10

Fig.3-13 The topology of output amplifier.

TABLE 3-6
Specifications of transistors and inductance and in output amplifier
Emitter size Values
Q7-Q10 0.2umx2umx4figures L3 1nH

57




Chapter 3 Broadband Frequency Doubler IC for Wireless Communications

30~

20+

10+

S21/dB

-10 4

Freq/GHz

Fig.3-14 The simulated gain of output amplifier.

3.45 Simulated results

All components of the frequency doubler described in the previous sections are combined to
realize a complete frequency doubler as shown in Fig.3-3. The frequency doubler is simulated
by Agilent ADS with harmonic balance method. The output power of frequency doubler at 23
GHz is shown in Fig.3-15. From this figure, the output power of 23GHz from an input power
of -6dBm is almost saturated. Fig.3-16 illustrates the suppression of the doubler when an input
drive power is -1dBm. The fundamental frequency suppression in the Fig.3-16 has a smaller
drop than the one shown in Fig.3-11. The impedances of differential ports of output balun are
designed in 100Q. On the other hand, the input impedance of output amplifier shows imped-
ance of 25Q. When simulating the suppressions in Figs.3-11 and 3-16, the load impedances of
Gilbert cell are changed from 100Q to 25Q. Thus, simulated suppression ratio in Fig.3-16 is
slightly degraded comparing with one in Fig.3-11. The conversion gain was also calculated and
described in Fig. 3-16, showing better than -7.5dB.
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Fig.3-15 The simulated input-output performance of the proposed frequency doubler at an out-

put frequency of 23GHz.
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Fig.3-16 Simulated suppression and gain of proposed frequency doubler.
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3.5 Measured results and performance comparison

The proposed broadband frequency doubler is fabricated in 0.25-um SOI SiGe BiCMOS tech-
nology. The chip photograph is shown in Fig.3-17. The chip size is 1340x750pum? excluding
pad area. The layout of the center signal pad should be as small as possible (50pmx50um) with
a pitch of 150-um. The chip is fully measured on-wafer. At the input, the single-ended signal
from power signal generator (Agilent E8267D) while the output is connected with power spec-
trum analyzer (Agilent E4448A). The bias condition is shown in TABLE 3-7.

Fig.3-17 The micrograph of the proposed frequency doubler.

TABLE 3-7
Bias condition of the frequency doubler
Vee Ve le *+lom™ Vee amp :Veeamp em” | lec_amp *lec_amp_cm Total DC
Power
2.4V 5.7mA+0.9mA 3.3V 13.4mA+1.8mA 66mwW

a: Vem, lcm are the bias voltage and current of current mirror in the Gilbert cell.
B: Ve amp_em, lec_amp_cm @re the bias voltage and current of current mirror in the output

amplifier.
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Fig.3-18 The micrograph of the input balun.

The micrograph of the input balun is shown in Fig.3-18 and the micrograph of output balun is
mentioned in Fig. 2-15.

3.5.1 Measured results

The core sizes of the input and output baluns are 340x150pm? and 280x120um?, respectively.
The input balun exhibits an amplitude imbalance of less than 0.5dB and a phase imbalance of
less than 3° in the frequency band of 10-20GHz, as shown in Fig.3-19. Fig.3-20 depicts meas-
ured imbalance performance of the output balun at from 20 to 30GHz. The output balun has an
amplitude imbalance of less than 0.9dB and a phase imbalance of less than 5°. From Figs.3-19
and 3-20, it is expected that the input and output baluns effectively convert from (to) sin-
gle-ended signal to (from) balanced signal. These measured results well agree with the simu-
lated ones. In addition, the measured insertion loss of the input balun is from -5.2dB to -2.6dB
in the band of 11-15GHz, and the measured insertion loss of the output balun is -13.5~-9.6dB
and -5.5~-2.4dB in the band of 11-15GHz and 22-30GHz, respectively.
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Fig. 3-20 Measured imbalance performance of output balun.
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Fig. 3-21 Measured fundamental frequency suppression and conversion gain of the proposed

frequency doubler.

Fig.3-21 shows measured fundamental frequency suppression and conversion gain of the
frequency doubler, where the horizontal axis is the frequency at the output. The input power to
the doubler is -1dBm. The proposed frequency doubler achieves a fundamental frequency sup-
pression greater than 30dBc. The maximum suppression is 47dBc at 23GHz. In addition, from
Fig.3-21, the conversion gain of the frequency doubler is higher than -9dB in the whole fre-
guency band and the maximum conversion gain is -6dB. The measured conversion gain com-
pared with the simulated one in Fig.3-16 is decreased by 2.5dB at 23GHz. The conversion gain
is related to the output buffer amplifier and the output balun. The signal lines between the out-
put amplifier and output balun are circled by dotted line shown in Fig.3-17. The physical para-
meters of the signal line are that the length is 82-um, the width is 9-um and the space between

the lines is 20-um. The measured inductance of single line is 0.15nH.
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Fig.3-22 Measured re-simulated conversion gain of the proposed frequency doubler.
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Fig.3-23 Measured input and output characteristic at an input frequency of 11.5GHz.
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Hence, the parasitic effects of signal lines in the output of amplifier and output balun should
be considered. The coupling line model is used to simulate. The re-simulated conversion gain
including parasitic effects is demonstrated in Fig.3-22. The re-simulated gain is closed to the
measured one. Fig.3-23 shows the measured input-output characteristic at an input frequency of
11.5GHz. The output power gradually saturates with increasing the input power and is almost
constant at the input power from -5dBm to 0dBm. The suppression is larger than 32dBc at the
same input power level and the maximum fundamental frequency suppression is 47dBc at the
input power of -1dBm. Furthermore, Fig.3-23 also shows the output power of the third har-
monic frequency. It is seen that the third harmonic frequency suppression is 30dBc at the input
power of -1dBm. In addition, the measured third harmonic frequency suppression is better than
20dBc in the output band of 22-30GHz.

The measured return losses are shown in Fig.3-24. The measured input return loss and output
return loss are less than -8.7dB and -6.5dB in the input frequency band of 11-15GHz and out-
put frequency band of 22-30GHz, respectively. In the low band of output frequency, the output
return loss is a little higher than the design target by 0.8dB because the frequency band of im-
pedance matching of the output balun shifts toward to high frequency slightly. In addition, the
measured fundamental frequency leakage of S,; is also depicted in Fig.3-24 and the leakage is
less than -20dB when the input frequency is 11-15GHz.
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Fig.3-24 Measured return loss and leakage.
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Fig.3-25 Measured dependence of output power on supply current of doubler core.

To gain more insight into the dependence of performance on supply current and voltage of
doubler core, the output power of frequency doubler is shown in Fig.3-25 and the fundamental
frequency suppression and conversion gain is demonstrated in Fig.3-26. In the Fig.3-25, the
input power is -1dBm at an input frequency of 11.5GHz. The output power of 23GHz saturates
from 5.6mA and decreases with the reduction of supply current. The output powers of 11.5GHz
and 34.5GHz are less than -52dBm and -35dBm, respectively.

On the other hand, from Fig.3-26, it is found that the best suppression and gain can be ob-
tained at 2.4 V with supply voltage of doubler core simultaneously. As the supply voltage de-
creased, the voltage drop of current source and the Q1-Q2 of the doubler core are also de-
creased. When the supply voltage is 2.1V, the current source only provide small current. Be-
cause the current source has entered the saturation region of transistor. The bias condition of

Q1-Q2 and Q3-Q6 are all changed. Hence, the conversion gain at a supply voltage of 2.1V is
sharply reduced.
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TABLE 3-8
Measured results summary and comparison with design goal
Items Specifications Measured results
Bandwidth 22-29GHz 22-30GHz
Input power <0dBm -1dBm
Output power >-10dBm >-9.7dBm
Suppression ratio (f) > 30dBc > 30dBc
Suppression(3fy) > 20dBc > 20dBc
VSWR <25 <25
DC power consumption < 80mwW 66mwW

a: In the low band of output frequency, the output return loss is a little higher than the
design target by 0.8dB.
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At last, a summary of measured results and comparison with the design goal is given in the
TABLE 3-8. From this table, the measured results meets the requirements of the design goal.
Hence, this frequency doubler can effective to be used in UWB sensor systems as expect.

3.5.2  Performance comparison

Based on the measured results, the broadband performance with high suppression which is
greater than 30dBc has been verified. Using the FOM shown in equation 3-3, the performance

comparison with other works can be obtained.

FOM = 20l0g1o(BW x 100) + F.S — 10l0gyo () (3-3)

In this equation, BW is the frequency bandwidth of the doubler. Ppc is DC power consump-
tion of the frequency doubler. F.S denotes fundamental frequency suppression of the frequency
doubler.

The compared frequency doublers are the ones operated from K band to Ka band. The used
devices are SiGe, GaAs and CMOS devices. The comparison conclusion is shown in TABLE
3-9 and the FOM with respect to input power is demonstrated in Fig. 3-27. Although the doub-
ler in [19] used in SiGe HBT technology has high operation frequency, the bandwidth is nar-
rower than this work and it show low FOM. Compared the doubler in [16] implemented in
GaAs technology, both works have 8GHz bandwidth, however, the work in[16] consumes high
DC power. Compared with the doubler in [35] implemented in 90-nm CMOQOS, the proposed
work has higher suppression and wider bandwidth. Hence, the frequency doubler proposed in
this chapter shows higher FOM and superior performance compared with doublers based-on
GaAs technology and CMOS technology.

68



Chapter 3 Broadband Frequency Doubler IC for Wireless Communications

TABLE 3-9
Perfromance comparison with other works
Reference | Technology Output frequency/GHz Pin/dBm FOM
Thiswork | SiGe BiCMOS 22-30 -1 60
[19] SiGe HBT 34.6-37.6 6 32
[16] GaAs 26-34 3 48
[34] GaAs 30-32 5 20
[35] 90nm CMOS 37.5-39 0 38
70
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Fig.3-27 Broadband frequency doubler comparison with other works.
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3.6  Conclusion

In this chapter, a broadband frequency doubler based on Gilbert cell is proposed. The proposed
frequency doubler is implemented in 0.25-um SOI SiGe BiCMOS technology and measured on
wafer.

In the Gilbert cell, the input signal shows amplitude and phase imbalance, which results in
the imbalance signal of second harmonic at the output of the RF stage of Gilbert cell. The im-
balance signal of second harmonic multiplied by the fundamental input signal generates the
fundamental signal in the output of the frequency doubler. In order to reduce the imbalance
signal of second harmonic at the output of RF stage, an internal low pass filter technique is de-
signed to suppress the second harmonic imbalance signal. And a pair of matching circuits pa-
rallel with the input of switch quad show impedance match between Gilbert cell and input ba-
lun. The matching circuits is effective to provide high input power into switch quad so that
keep the doubler operates in low input drive power with high suppression, relaxing the design
of VCO.

To verify the effectiveness of these techniques, a balanced frequency doubler has been fa-
bricated in 0.25-um SOI SiGe BiCMOS technology and measured on-wafer. A high fundamen-
tal frequency suppression of 47dBc has been achieved at 23GHz, and better than 30dBc in a
broad frequency band of 22-30GHz. The proposed frequency doubler achieves a maximum
conversion gain of -6dB at an input power as low as -1dBm. frequency doubler proposed in this
chapter shows superior performance compared with doublers based-on GaAs technology and
CMOS technology.
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Chapter 4 High Suppression Frequency Doubler

IC for Wireless Communications

4.1 Introduction

In the Chapter 3, a broadband frequency doubler based on Gilbert cell has been proposed, im-
plemented and measured on-wafer. The broadband performance was verified according to the
measured results. A high fundamental frequency suppression frequency doubler for 26GHz
band wireless communication is proposed in this chapter.

As mentioned in Chapter 1, 26GHz band vehicular radar sensor can avoid the band of
23.6-24GHz. The band 23.6-24GHz is allocated to passive services including the radio as-
tronomy and earth exploration satellite services on a primary basis in the radio regulations
which prohibit all emissions into the band. The 26GHz band has been introduced from 2004 in
USA. In Japan, the 24GHz band will been unavailable until December 2016. On the other hand,
the penetration of 26GHz band radar sensor is expected to 7% in 2022 [1]. EU also has pro-
posed the 26GHz band short range radar sensor scheme for e-Safety conception [2].

The desired output power of frequency doubler is the power of the second harmonic fre-
guency. However, as the desired power being generated, the unwanted powers are also accom-
panied with the desired power such as fundamental frequency, third harmonic frequency and so
on. The unwanted frequency may be injected into power amplifier and couple to the low noise

amplifier by the switch. The unwanted powers going into the PA and LNA deteriorate the per-
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formance of PA and LNA [3]. Moreover, these unwanted frequencies may result in desensitiza-
tion, cross modulation and inter modulation by the radiation of antenna when the unwanted
signals fall in the corresponding bands [4]. In the UWB spectrum mask announced by FCC, the
fundamental suppression should be greater than 20dBc [5]. Hence, the output of frequency
doubler should reject the unwanted frequencies, fundamental frequency in particular.

This chapter is organized as follows. Frequency suppression technique review followed this
part is shown in section 4.2, and section 4.3 describes high suppression frequency doubler de-
sign. From section 4.4, measured results and performance comparison is demonstrated. Finally,

section4.5 gives a conclusion of this chapter.

4.2 Frequency suppression technique review

One of the most important motivation of designing frequency multiplier is to reject the unde-
sired frequency component at the output. So far, many researchers devoted themselves to pro-
posing effective solutions such as half-wave length bias circuit [6], band pass filter technique
[71-[8], resistive feedback circuit [9] and balanced topology [10]-[12].

A solution for frequency doubler utilizes the fact that a transmission line with an electrical
length of A/2 at the output frequency (2fy) has a length of /4 for the fundamental frequency (fp).
Therefore the line in the base bias transforms the RF short of the DC supply to an open for
fundamental frequency, but to a short for 2f,. This single element at the same time provides an
RF choke at fy and prevents energy at 2f, from leaking out through the input. At the transistor
output, similar constructions are used. However, these lines are quite demanding in terms of
chip area, especially in coplanar technologies. Band pass filter technique can used in the output
of multiplier to pass the desired frequency and reject the undesired frequency. Yomaguchi, in
[7], implemented a x-band frequency quadrupler utilizing a 2-band elimination band pass filter.
The band pass filter solution also has low area efficiency.

A degeneration resistive feedback technique using frequency doubler can improve the fre-
guency suppression duo to the change the dynamic load line of transistor in core circuit. The
suppression improvement is only 7dBc compared with the conventional doubler which is
without degeneration resistor.

Balanced topology usually uses the nonlinearity of transistor to generate second harmonic
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frequency and cancel out the fundamental frequency at output. A push-push circuit is the fam-
ous one in balanced topology. Most of works using push-push topology are differential inputs,
single-ended output and the improvement of suppression depends on the better imbalance per-
formance of input balun. In [10], Lee proposed a fully differential doubler based on push-push

circuit, however, the suppression performance also depends on the input balun.

4.3 High suppression frequency doubler design

In this section, the frequency doubler will be designed which generates the desired frequency
using push-push circuit core. Firstly, the design goal is described. Then the design concept of
frequency doubler core is demonstrated. The doubler core design and simulated results of fre-
guency doubler are given at the last of this section.

4.3.1 Design goal

As mentioned in Chapter 1, a simple block of FMCW frontend was introduced in [13], where a
VCO cascades a frequency doubler with input and output buffers to realize a stable signal
source. Doublers with input and output buffers can improve conversion gain of whole circuit
and operate in low input drive power. Fig.4-1 shows the block diagram of the proposed fre-
guency doubler includes doubler core, input and output buffers and input and output on-chip

baluns owing to balanced operation.

Doubler core

O— ¢ S . O
Pin i - X2 2 1L Pout
90 - - 1
77 o
Input buffer Output buffer

Fig.4-1 The block diagram of the proposed frequency doubler.

76



Chapter 4 High Suppression Frequency Doubler IC for Wireless Communications

Due to the differential operation of the proposed frequency doubler, the input and output
baluns are essential components as depicted in Fig.4-1. Both baluns are used to split and com-
bine the differential signal in the input and output of the doubler. A passive Marchand balun is
chosen due to better amplitude balance and phase balance than active one. In addition, there is
little dependence of temperature on the performance of passive balun and no DC power con-
sumption. The performance of input and output baluns have been demonstrated in Chapter 3.
Since the input power of frequency doubler is the output power of VCO or PLL, the output
powers of oscillators operating from 11 GHz to 14.5GHz were investigated and are illustrated
in Fig.4-2 [14]-[19]. In Fig.4-2, the output powers are almost from -10dBm to 0dBm. To re-
lease implementation difficulty of VCOs, the target input power of this work is determined to
be -10dBm. The design targets are listed in TABLE 4-1.

(14 [16]

(18]

-4 1 [18]

7]

Output power/dBm
do

[19]
.

11 12 13 14 15
Oscillation frequency of VCO

Fig.4-2 Output powers of oscillators operating at 11-14.5GHz.
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TABLE 4-1
Design goal of frequency doubler
Items Specifications
Output frequency 26GHz
Pin -10dBm
Fundamental suppression > 40dBc
Conversion gain >0dB
Pdc core <10mwW
Pac < 150mwW
Supply voltage 3.3V

4.3.2  Doubler core design concept

Frequency doublers based on push-push circuit exploit steep nonlinear I-V characteristic to
generate output second harmonics. Fundamental frequency signals are canceled out at the
nodes of emitters and collectors when the doubler core is driven by differential input signals

[20]-[23]. A fully differential push-push circuit core is shown in Fig.4.3.

auiput

Fig.4-3 The conventional fully differential frequency doubler core.
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Its harmonic component of collector current (1I;) is a function of conduction angle, which can
be controlled by the input driving power and base bias point. If the collector current is modeled
as a train of rectified cosine pulses (Fig.4-4), using a Fourier series expansion, it can be
represented as [24] and Iy iS the maximum current, t, is the length of the pulse, and T is the
period of the fundamental frequency. The collector current can be described using equations
from 4-1 to 4-4. In the case of second harmonic current, by equation 4-4, a relationship be-
tween second harmonic current and conduction duty cycle of each transistor is drawn in Fig.4-5.
To maximize the second harmonic current (I,), the conduction duty cycle of each transistor to/T
is 0.32, which indicates the transistor is bias in Class C. As known that, Class C amplifier is
driven large signal, namely high input power. However, as mentioned above, the design goal of
the frequency doubler is low input power operation. Hence, the Class C is not a good candidate

although it can save DC power.

IC(I) . T1 on
i T2 on \ T |
| |
1 1 1
] ! = 1, !
L ' A '
0—

AN AN

f

Fig.4-4 Corrector current modeled as a train of rectified cosine pulses.

I.(t) =1y + I,cos(wit) + Icos(wyt) + - (4-1)

where |, is n th harmonic current component

2t
Iy = Inax n_T? (4-2)

I, =0, nodd (4-3)
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Fig.4-5 Second harmonic collector current components as a function of t/T.

A push-push conventional fully differential frequency doubler core circuit biased on near
class B shown in Fig.4-3 generates differential second harmonic frequency at the output and
ideally cancels fundamental frequency owing to perfect input differential signal and
well-matched transistors T, and T».

Practically, the differential input signals are imbalance signals with amplitude and phase im-
balance, coming from the differential input buffer amplifier. Piernas,et.al analyzed the influ-
ence of imbalance input signal on fundamental frequency rejection [25]. In addition, both tran-
sistors in push-push circuit should be well-matched. The input differential signals of doubler
core from the input buffer amplifier shown in Fig.4-3, as mentioned above, are imbalance sig-
nals due to amplitude unbalance and phase unbalance. Hence the input signals are explicitly

given by
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Vin1 = Vo + ag cos(wot + 0) (4-5)

Vinz = Vo — agK(wp) cos[wyt + 0 + ¢ (wy)] (4-6)

where K(wg) and ¢(wy) are the amplitude unbalance and phase unbalance.
The total output currents of the circuit given in Fig.4-3 are the sum of currents flowing in the
T, and T,, given by equations from 4-7 to 4-10.

le1(8) + ic2(t) = ip(wg) + ip(2wy) (4-7)

where

i0(@o) = (gm14ay + 2gm14%Veag) X 1 X [8(w + wp) X /¥ + §(w — wp) X e /¢
— (gm2BaoK (wo) + 2gm3B*VoaoK (wp)) X
X [6(w + wg) X e/OFP) + §(w — wy) x e/ O+9)]

(4-8)

ip(2wy) =
(%g;nlAzag) X 1T X [§(w + 2w) X /20 + §(w — wy) X e 20| — (%g;nszaéKz(wo)> X
X [8(w + 2wg) X e/20+9) + §(w — 2w() X e F20+¢)]
(4-9)
B B

A= B = (4-10)

B+rp19m1 B+7rp29m2

From equation 4-7, the output of the frequency doubling circuit not only has desired compo-
nent but also fundamental frequency component, which decreases the fundamental frequency

F.S (Frequency Suppression) defined by equation 4-11.
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F.S(dBc) = 10log (%) (4-11)
v |
L
g I.FI:.I_ O
I R
—— +
Vil < L Short for f,
o— 1 5 _}—
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Fig.4-6 Design concept to reject fundamental frequency and match impedance for 2f,.

High fundamental frequency suppression will be achieved if the fundamental frequency
component is rejected at the output of doubler core. Owing to the differential outputs of the
push-push circuit, a short circuit can cancel the fundamental frequency at the differential out-
puts shown in Fig.4-6. Moreover, the output power of frequency doubler should be as large as
possible. Hence, the circuit canceling the fundamental frequency components also has imped-
ance matching with the output buffer at the second harmonic frequency. As known that, a ideal
series LC resonator can exhibit short circuit effect at low frequency and high inductance at high
frequency. Hence, a series LC resonator is good candidate to cancel the fundamental frequency

and matches the output impedance of core with input impedance with output buffer.

4.3.3  Push-push core design

According to the aforementioned analysis, a series LC resonator circuit is proposed to improve
the suppression of fundamental frequency at the output of the double core, as shown in Fig.4-8.

Before designing the doubler core, the input impedance of output buffer at 26GHz is simulated
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and shown in Fig.4.9, the performance of output buffer has been introduced in Chapter 3. The
size and performance of transistor T, and T, are listed in the TABLE 4-2. The size of transistors
and inductance in the output buffer are described in Chapter 3. The bias circuits of Fig. 4-8 are
not shown. Another feature of this LC resonator is to improve matching condition between the
input of the output buffer (Z, i, ) and the output of the doubler core (Z; o) at the second har-
monic frequency. The calculation equations of LC resonator are defined in equations 4-12 and
4-13, respectively.

Ve Vo _amp

]
to output balun

doubler core output buffer

Fig.4-8 The proposed suppression and conversion gain improving technique using LC resona-

tor.
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Zo_in@26GHz

Fig.4-9 Input impedance of output buffer at 26GHz.

TABLE 4-2
Size and performance of transistors in the doubler core
Size felfimax
Ti-T, 0.2umx4um 46.2GHz/66.5GHz

—_1 4-12)

Yo =G
. 1 *

(200Ls + 5) 1/ Ze o’ = (Zoin) (4-13)

Thus, the inductance (L;) and capacitance (C,) are determined so that (1) the resonant fre-

quency is 13GHz (equation 4-12) and (2) the output impedance of the doubler core is complex

conjugate of the input impedance of the output buffer amplifier at 26GHz (equation 4-13).

Consequently, the optimum inductance and capacitance are 0.5nH and 0.3pF, respectively. The

frequency response of the output impedance of the doubler core from 13GHz to 26GHz and the

input impedance of the output buffer amplifier at 26GHz are shown in Fig.4-10. This inductor

is designed using top metal of 3-um thickness. This inductor has a Q of 16 at 13GHz.
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\\ Zo_In@26GHz I_j
\
: 7

A

Fig.4-10 Frequency response of the output impedance of doubler core.

4.3.4  Circuit design and simulated results

Fig.4-11 shows the schematic of the input buffer amplifier consisting of a common base am-
plifier and a differential amplifier. The bias circuit is not shown. The size of Q;-Q, are
0.2umx1um. The size of Q3-Q6 are 0.2umx4um and the fingers are 3. The g, of Q:-Q, are
optimized to match with the impedance at the differential ports of input balun. The simulated
gain of input buffer with input and output baluns is shown in Fig.4-12. From 10GHz to 15GHz,
the gain is from 7.5dB to 9.5dB and the gain flatness is within 2dB. At 13GHz, the gain is
8.7dB. Hence, the input power injected in to doubler core is enough to drive the core operating

as a switch.
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Fig.4-11 The schematic of input buffer amplifier.
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Fig.4-12 The simulated gain of input buffer amplifier.
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Due to the differential operation of the output buffer, the input signal should be balance sig-
nal which determines the output buffer performance. Fig.4-13 describes the simulated current
waveforms of doubler core without LC and with LC, respectively. The output of doubler core
with LC is more symmetrical and larger than the one without LC shown in Fig.4-13. As dis-
cussed above, the LC resonator changes the output impedance of doubler core. Therefore the
load lines of transistors T1 and T2 are sloped further as expected resulting in the switch-off
operation of transistors more complete. Owing to the conjugated matching between core and
output buffer, more power injecting into the output buffer, the current amplitude of waveform

(b) is larger than the one of waveform (a).
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Fig.4-13 The simulated current waveform of doubler core at output frequency of 26GHz: (a)

waveform w/o LC,(b) waveform with LC
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Fig.4-14 The simulated suppression and conversion gain of the whole circuit with the opti-

mized LC resonators an without LC resonator at an input frequency of 13GHz
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Simulated fundamental frequency suppression and conversion gain of the whole circuit with
optimized LC resonator and without LC resonator at an input frequency of 13GHz are illu-
strated in Fig.4-14. The fundamental frequency suppression of the proposed frequency doubler
is improved by 25dB compared with the one without LC resonator. In addition, the conversion
gain of proposed frequency doubler is improved by 4dB. Therefore, the LC resonator is effec-

tive to improve the suppression and conversion gain.

4.4  Measured results and performance comparison

The proposed frequency doubler is implemented in 0.25-um SOI SiGe BiCMOS technology.
The die photograph of the implemented frequency doubler IC is shown in Fig.4-15. The layout
of the center signal pad should be as small as possible (50umx50um) with a pitch of 150-um.
The chip size is 1.4x0.65 mm? excluding pad area. The bias condition of the frequency doubler
are listed in TABLE 4-3. The performance of the whole circuit of the frequency doubler are

measured on-wafer.

R ——

-ammwm;nw -

i“’”"- -‘. ’

Fig.4-15 The micrograph of the proposed frequency doubler.

89



Chapter 4 High Suppression Frequency Doubler IC for Wireless Communications

TABLE 4-3
Bias condition of the frequency doubler
Ve =Vi amp li amp + Ic+ lo_amp +
=Vo_amp li_amp_cm lem” lo_amp_cm’
3.3V 20.3mA+5mA 1.9mA+0.5mA 12.2mA+1.6mA

a: li amp_cm » lemand lg_amp_cm are the bias current of current mirror of input

amplifier, doubler core and output amplifier, respectively.

441 Measured results

Fig.4-16 shows the measured and simulated input/output characteristic at an input frequency of
13GHz.

0—1 —— —L1 = = =
-10 4
-20 -
é ] —s— mea@26GHz
= -30 ~ —+— mea@13GHz
% -40 —o— sim@26GHz
a . —o— sim@13GHz
5 -50 -
8 4
3 9]
-70
-80
'90 T T T T T T T T T T T 1
-12 -10 -8 -6 -4 -2 0

Input power/dBm

Fig.4-16 Measured and simulated input-output performance at an input frequency of 13 GHz.
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Fig.4-17 Measured and simulated frequency response of fundamental frequency suppression

The measured output power at 26GHz is saturated and is almost constant from -10dBm to
0dBm. The measured output power at 26GHz is closed to 0dBm. The measured fundamental
frequency output power is less than -58dBm at an input power of from -10dBm to 0dBm. At
the input powers from -10dBm to 0dBm, the difference between the measured fundamental
frequency output power and the simulated one are less than 5dB. The measured maximum sup-
pression is 66dBc at an input power of -10dBm.The measured output power at 13GHz is almost
constant at an input power lower than -10dBm. This phenomenon results from the limitation of
dynamic range of the spectrum analyzer.

The frequency response of the fundamental frequency suppression at an input power of
-5dBm is given in Fig.4-17. The measured fundamental frequency suppression achieves greater
than 55dBc at an input power of -5dBm in the broadband of 25-27GHz. However, there is sig-
nificant difference between the simulated results and measured results over 26GHz. The reason

will be discussed later.
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Fig.4-18 layout of LC resonator in Fig.4-15.

The LC resonator is connected in parallel with the output notes (n1,n2) of the doubler core
circuit shown in Fig.4-18. It is found that the connecting lines including 60-um length, 9-um
width connecting line using top metal (M4) and 30-um length, 9-um width connecting line us-
ing metal 1 (M1) introduce parasitic effects. To investigate the influence on resonant frequency

and suppression of the frequency doubler, LC resonator with the connecting lines is measured.
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Fig.4-19 Measured and simulated impedance of LC resonator (From 11GHz to 29GHz, step by
500MHz).

Fig.4-19 shows the measured impedance of LC resonator with the connecting lines and the
simulated impedance of LC resonator, respectively. The measured resonant frequency is
12GHz deviating the designed frequency of 13GHz. Thus, the measured performance of the
suppression over 26GHz are degraded compared with the simulated one. From revised simula-
tion using the measured results in Fig.4-19, it is expected that the suppression at an input fre-

quency of 13.5GHz is 60dBc, which agrees with the measured one.
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Fig.4-20 Measured and simulated frequency response of conversion gain.

Fig.4-20 illustrates the frequency response of conversion gain with different input power.
From Fig.4-20, it can be seen that the measured conversion gain of frequency doubler is larger
than 5dB over the frequency band of 22-29GHz at an input power of -10dBm. Furthermore, the
measured maximum gain is 9.2dB at an output frequency of 26GHz. The output powers of fre-
quency doubler are greater than -5dBm over the output frequency of 22-29GHz when the input
power is -10dBm.

The proposed doubler core is biased on near Class B. To gain more insight on dependence of
performance on the bias conditions, the measured fundamental frequency suppression and
conversion gain with varying supply voltage and current for doubler core are shown in
Figs.4-21 and 4-22. The input frequency is 13GHz and the input power is -10dBm. The de-
signed supply voltage and current are 3.3V and 1.9mA, respectively. As shown in Fig.4-21, the
suppressions at 2.4V and 3.6V show differences from input power of -10dBm to 0dBm, how-
ever, these differences are less than 2dB. In the case of conversion gain, the differences are
much smaller and only 1dB. In Fig.4-22, the same trend appears to suppression and conversion

gain variation with the supply current of doubler core circuit. The conversion gains are more
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sensitive to supply current than to supply voltage seen from Figs.4-21 and 4-22. In addition, the
performance of fundamental frequency suppressions has a little fluctuation with supply voltage
and current.
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Fig.4-21 The dependence of fundamental suppression and conversion gain on supply voltage of

doubler core.
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Fig.4-22 The dependence of fundamental suppression and conversion gain on supply current of

doubler core.
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TABLE 4-5
Design goal of frequency doubler
Items Specifications Measured results

Output frequency 26GHz 26GHz
Pin -10dBm -10dBm
Fundamental suppression > 40dBc 66dBc
Conversion gain >0dB 9.2dB
Pdc core <10mwW 6.3mW
Pgc < 150mw 137mw

Supply voltage 3.3V 3.3V

At last, a summary of measured results and comparison with the design goal is given in the
TABLE 4-5. From this table, the measured results meets the requirements of the design goal.

Hence, this frequency doubler can effective to be used in 26GHz sensor systems as expect.

4.4.2  Performance comparison

Based on the measured results, the high fundamental suppression performance operated in low
input power has been verified. Using the FOM defined in equation 4-14, the performance

comparison with other works can be obtained.

FOM = 20l0g1o(BW x 100) + F.S — 10l0gyo () (4-14)

In this equation, BW is the frequency bandwidth. Ppcis DC power consumption of the fre-
guency doubler. F.S denotes fundamental frequency suppression of the frequency doubler.

The used devices of compared frequency doublers are SiGe, GaAs and CMQOS devices, re-
spectively. The comparison conclusion is shown in TABLE 4-6 and the FOM with respect to
input power is demonstrated in Fig. 4-23. The work in Chapter 3 and this work used the same
technology but different topology, the former work focused on the broadband performance and
latter one was designed to obtain high suppression. Compared with the work in Chapter 3, this
work has a comparable FOM. Because the work in Chapter 3 has wide bandwidth and low

power consumption although the suppression is less than this work. From this comparison, this
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work has 31dB higher FOM compared with the one in [26] implemented in SiGe HBT. Al-
though the doubler in [29] implemented in CMOS shows low input power and low DC power,

the proposed work has higher FOM than the one in [29] due to the low suppression in [29].

Compared with the work in [27] and [28], this work exhibits high FOM and low input power.

Hence, the frequency doubler proposed in this chapter shows higher FOM and low input power

compared with doublers based-on GaAs technology and CMOS technology.

TABLE 4-6
Performance comparison with previous works
Ref. Technology Output frequency/GHz Pin/dBm | FOM
This work SiGe BiCMOS 25-27 -10 63
[26] SiGe HBT 34.6-37.6 6 32
[27] GaAs 30-32 5 20
[28] GaAs 26-34 3 48
[29] 90nm CMOS 37.5-39 0 38
70
This work
]
60
i 28
50 [O]
4. [29]
% 40 1 O siGe | A
L O GaAs | [2[]6]
307 12 cwos |
1 [27]
20 - O
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Input power/dBm

Fig. 4-23 High suppression frequency doubler comparison with other works.
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4.5 Conclusion

In this chapter, a high fundamental suppression frequency doubler based on push-push circuit is
proposed. The proposed frequency doubler is implemented in 0.25-um SOl SiGe BiCMOS
technology and measured on wafer.

In the fully differential push-push circuit, the input signal shows amplitude and phase im-
balance, which results in the imbalance signal of fundamental frequency at the output of
push-push circuit. According to the definition of the fundamental frequency suppression, the
appearance of the fundamental frequency reduces the frequency suppression. In order to sup-
press the fundamental frequency at the output of push-push circuit, a LC series resonant circuit
parallel with the differential output of push-push circuit shows low resistance at fundamental
frequency. At the same time, the LC circuit has impedance matching between the push-push
circuit and output buffer amplifier.

To verify the effectiveness of these techniques, a balanced frequency doubler has been fa-
bricated in 0.25-um SOI SiGe BiCMOS technology and measured on-wafer. A high fundamen-
tal frequency suppression of 66dBc has been achieved at 26GHz at an input power of -10dBm.
The measured maximum conversion gain achieves 9.2dB at the input power of -10dBm. Hence,
the frequency doubler proposed in this chapter shows higher FOM and low input power per-

formance compared with doublers based-on GaAs technology and CMOS technology.
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Chapter 5 Conclusion and Future Work

5.1 Introduction

In this dissertation, high performance frequency doublers which are key component in the ve-
hicular radar sensor have been researched and implemented. The subjects of broadband, high
fundamental frequency suppression and high gain are devoted to in this dissertation. The con-

clusion of this dissertation will be described in the next sub-section.

5.2 Conclusions of this dissertation

In the Chapter 2, a compact broadband Marchand balun based on silicon technology is imple-
mented and valued. Firstly, the passive baluns are reviewed in the section 2-2 in which the
Marchan balun is a good candidate to be chosen due to wideband imbalance performance. Then,
the cross-section of SiGe BiCMOS which is used to design balun is introduced in section 2-3.
The balun design is described in section 2-4 in which a effective slow wave pattern ground
structure is proposed. At last, a compact broadband balun is implemented and measured in sec-
tion 2-5. this work achieves 1dB of amplitude imbalance and 10° of phase imbalance in the
band of 20GHz-50GHz. In this band, the minimum insertion loss is 1.5dB. The VSWR which
is less than 2 is from 23.4GHz to 39.1GHz. The chip core size is only 0.03mm?% Compared
with the balun using the conventional slot pattern ground structure, the 6-dB cuf-off frequency
is extended by 6.6GHz. In this work, a compact size with broadband balun is implemented.

In the Chapter 3, a broadband frequency doubler IC based on silicon technology is imple-
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mented and valued. Firstly, the broadband frequency doublers are reviewed in section 3-2 in
which active doubler is selected due to high conversion gain and low input drive power. Then,
the RF performance of SiGe BiCMOS used in this dissertation is introduced in section 3-3. The
SiGe BiCMOS technology exhibits excellent RF performance indicating very suitable for mil-
limeter-wave applications. In the section 3-4, an internal low pass filter technique is designed
to achieve high suppression, and a pair of matching circuits is effective so that keep the doubler
operates in low input drive power with high suppression. At last, the measured results exhibit
better than 30dBc in a broad frequency band of 22-30GHz. In this work, the high FOM and
wide bandwidth is achieved.

In the Chapter 4, a high suppression and high conversion gain frequency doubler IC based on
push-push circuit is implemented and valued. Firstly, the frequency suppression techniques are
reviewed in the section 4-2. Then, high suppression frequency doubler is proposed and de-
signed. In the frequency doubler, a series LC resonator rejects the fundamental frequency at the
output of the doubler core and matches with the input impedance of the output buffer simulta-
neously. At last, the measured results of the doubler shows fundamental frequency suppression
as high as 66dBc and conversion gain of 9.2dB at an output frequency of 26GHz which exhibit
comparable performance with the compounded technology. In this work, high FOM perfor-

mance operating in low input power is obtained.

53 Future work

Now the utilization of frequency band for the vehicular radar sensor application includes
24GHz band, 26GHz band, 77GHz band and 79GHz band. The 26GH band SSR now is pre-
pared to be in production and will be expected to be available in 2-3 years in Japan [1]. As the
f, of device increasing, the future frequency band for the automotive radar sensor maybe higher
than 100GHz [2]. A clear trend in vehicular radar sensor applications has been the push to-
wards higher integration and multi-band (or broadband) operation, in order to enable low-cost
high-functionality consumer devices [3][4][5]. The broadband millimeter-wave frequency
doubler will be researched based on the work of Chapter 2 in the future.

Applications at microwaves, millimeter-waves and even in the THz gap are flourishing due

to the ever increasing speed of CMOS devices in ultra-scaled nodes, such as 45-nm [6] and
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65-nm [7]. When designing frequency multipliers in CMOS, operating in millimeter-wave in
particular, they are suffered from low-conversion gain, or even loss, large input capacitance,
and single-ended output. For these reasons the principle of frequency multiplication did not
find extensive application to date. The adoption of injection locking mechanism in the fre-
guency multiplier designs provides several advantages over conventional structure, especially
within the millimeter wave range where inductors and transformers have higher Q and smaller
sizes [8][9]. Specifically, the output power of an injection-locked frequency multiplier is
mainly determined by the bias current instead of the input power in a traditional frequency
multiplier, therefore large output power can be obtained with low input power level. Further-
more, the injection-locking structure can achieve low phase noise and high harmonic rejection.
The low DC power, high output power and high suppression frequency multiplier based on
injection locking mechanism using state-of-the-art RF CMOS technology (such as 65-nm) for

millimeter-wave applications will be researched in the future.
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