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Wireless standards for high data-rate communications typically em-
ploy complex modulation schemes that have large peak-to-average power ra-
tios (PAPR), along with a significant bandwidth requirement. Transmitters
for such applications often employ off-chip power amplifiers (PAs), that are
typically operated in back-off, such that the peak output power is less than
the output 1-dB compression point (P1dB), in order to minimize distortion.
In mobile systems, architectures that can enhance the linearity of the transmit
chain are highly attractive since these can reduce the PA’s back-off require-

ment, which helps to enhance efficiency.

In this dissertation, linearization techniques for mobile transmitters are
explored. A Cartesian feedback-feedforward transmitter is proposed for linear-
ity enhancement. The transmit path in the architecture is placed in a Cartesian
feedback loop. The feedback error signal is applied to a Cartesian feedforward
path for further linearity improvement. Linearity of the feedback-feedforward
system is analyzed by using a Volterra series representation. System simula-

tions using two-tone signals and modulated signals are also presented and are

vii



used to verify the linearity enhancement provided by the proposed architec-

ture.

A prototype transmitter IC that employs the Cartesian feedback-
feedforward approach is implemented in a 0.13 gm CMOS process. Design con-
siderations for critical transmitter circuits are discussed. A proof-of-concept
Cartesian feedback-feedforward architecture that includes the prototype 1C
and external components is demonstrated. The implementation allows for a
8.7 dB improvement in the adjacent channel leakage ratio (ACLR), compared
to an open-loop transmitter, for an output power of 16.6 dBm at 2.4 GHz

while employing a 16-QAM LTE signal with 1.4 MHz bandwidth.

The linearity of the Cartesian feedback-feedforward system is found to
depend primarily on the loop gain of the Cartesian feedback and the linearity
of the Cartesian feedforward path, which introduces a trade-off with power
consumption. To enhance the linearity of the Cartesian feedback-feedforward
transmitter even further within the Cartesian feedback loop, two modified
Cartesian feedback-feedforward architectures are explored. System simulations
show that both modified configurations can help to enhance linearity compared

to the above Cartesian feedback-feedforward transmitter.
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Chapter 1

Introduction

In the last two decades, the proliferation of mobile devices has changed
human lifestyles extensively. In 2000 the number of worldwide mobile phone
subscriptions was only 0.7 billion. In 2014, however, the total number was
close to 7 billion [11]. The growth of the mobile device market has occurred
in conjunction with progress in wireless communication systems. The mobile
phones used in the late 1990s mainly supported cellular communication tech-
nologies such as GSM and IS-95 CDMA, which had data rates in the range
from 9.5 kbps to 115 kbps, respectively. The peak download data rate of LTE
by contrast is 100 Mbps. Additionally in recent smart phones, a variety of
wireless protocols such as LTE, WLAN, Bluetooth, and NFC are employed

simultaneously.

The demand for higher data rates for communication has made trans-
mitter design increasingly challenging. High data rate wireless systems use
broadband standards with high-order modulation for spectral efficiency. The
transmitter needs to accommodate large bandwidth, high output power, and
non-constant envelope modulation simultaneously. Typically, when a non-

constant envelope modulation signal is employed, it has a substantial peak-to-



average power ratio (PAPR) such that the peak power is significantly higher
than average power. Table 1.1 shows the characteristics of uplink signals used
in recent wireless standards, and most of uplink signals shown in Table 1.1
have large PAPR. When a modulation signal with high PAPR is used, the
system requires stringent linearity performance of the transmit chain, since it

is required to deliver a signal with high peak power.

Table 1.1: Uplink signal comparison of wireless standards [1]

Standard Pov(v)elllrtal];m) Bgvh?“MngZ | PAPR (dB) | Modulation
GSM 35 0.2 0 GMSK
15-95 28 0.2 5512 | 0-QPSK
UMTS 27 5 357 HPSK
80211 A/G | 14-20 20 8-10 OFDM
LTE 2225 20 24 SC-FDMA

In addition, with CMOS scaling, the digital computing capability re-
quired to support high data rate baseband signals, and digital power dissipa-
tion has continued to improve. However, as the supply voltage has decreased
due to CMOS scaling, the total achievable linearity of the transmitters has
declined accordingly owing to the reduced voltage headroom. Therefore, ad-
vanced linearization techniques for transmitters for mobile wireless systems

are highly desirable for high data rate communication.

1.1 Transmitters for Mobile Wireless Systems

Fig. 1.1 shows a conventional transmit chain composed of baseband

digital signal processing (DSP), digital to analog converters (DACs), low pass



filter (LPFs), variable gain amplifiers (VGAs), I/Q up-conversion mixers, local
oscillator (LO) generator, driver amplifier, and the power amplifier (PA). The
baseband DSP generates the digitally modulated 1/Q data. It is converted
to an analog baseband signal by the DACs. The analog baseband signal is
properly filtered and scaled when it passes through the LPFs and VGAs. Next,
it is up-converted by the LO signal to RF in the I/Q mixers. The output signal
at the 1/Q up-conversion mixers is typically very small. It must be amplified
by a driver amplifier and a power amplifier, to meet the output power level

required at the antenna.

At the current level of development of CMOS technology, most of the
design blocks can be integrated on to one transmitter IC, but for high data
rate communications, an off-chip PA is often used to meet the linearity and
reliability requirements. In addition, in spite of significant progress, CMOS
PAs have been mainly been applied for low power systems and PAs based
on compound semiconductor technology such as InGaP/GaAs HBTs, are still

very popular for high performance systems

To achieve the linearity specification of the full transmit chain, the
linearity of the PA is critical. Due to the aforementioned high PAPR, the
PA is typically operated in back-off, such that the maximum average power is
much less than the output 1-dB compression point (P1dB), which significantly

degrades its power efficiency.

However, it would be highly desirable for a transmitter architecture to

enhance the total linearity of the transmit chain using the same PA. Fig. 1.2



Transmitter(TX) IC Power Amplifer(PA)

LPF VGA  l/QMixer Driver
| Amplifier
6 e A
DSP . Q&// } _I>_D 2/
DAC /\/ Duplexer/
Large back-off BPF

operation for linearity

LO generator | LO1Q

Figure 1.1: Conventional transmit chain

shows a conceptual illustration of such a design. Once the distortion product
at the PA output is sensed, a suitable linearization technique implemented
in the transmitter improves the overall linearity using the sensed distortion
information. If the linearity requirement of the PA is relieved by the highly
linear transmitter architecture, it could reduce the PA back-off, as well as
the power dissipation, accordingly. In addition, due to the relaxed linearity
requirement, CMOS PAs would be more feasible, even for high data rate and

high power transmitters, which should lower implementation cost.

This dissertation proposes and demonstrates an architecture for en-

hancing transmitter linearity.
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Figure 1.2: Transmitter with linearization

1.2 Organization

The dissertation is organized as follows. Chapter 2 is a brief review
of key characteristics related to the linearity of transmitters and a survey of
prior transmitter architectures for high linearity, such as feedforward, digi-
tal predistortion, and several feedback techniques. In Chapter 3, a Cartesian
feedback-feedforward transmitter is proposed that enhances the overall lin-
earity. The proposed architecture is analyzed using a linear additive model
and Volterra series. Results from system simulations using two-tone signals
and modulated signals are provided. In Chapter 4, a prototype transmitter
IC implemented using 0.13 pum CMOS technology, is introduced. Its archi-
tecture and key design blocks are discussed. The measurement set-up used
to demonstrate the Cartesian feedback-feedforward architecture, is described,

and the measurement results are also presented. In Chapter 5, the linearity



limitations of the Cartesian feedback-feedforward architecture are discussed
and two modified Cartesian feedback-feedforward transmitters are introduced
for further linearity improvement. In Chapter 6, a review of the dissertation,

conclusions, and directions for future research are presented.



Chapter 2

Linearity and Transmitter Architectures

2.1 Introduction

The role of the transmitter is to provide the modulated signal with the
required power level and bandwidth to the antenna, without signal distortion
or addition of noise. The signal distortion primarily depends on the linearity of
the transmitter chain and must satisfy the system requirement. As described
in Chapter 1, the linearity of a conventional transmitter is governed by the
front-end PA. The linearity performance of a PA can be enhanced by increasing
the back-off, however this can lead to unacceptable increase in power dissipa-
tion. Therefore, transmitter architectures that can enhance linearity without

requiring greater linearity in the PA are desirable for mobile applications.

Before the proposed technique is presented, a short review is provided
of state-of-the-art transmitter architectures for linearity enhancement. First,
the main aspects and characteristics of transmitter linearity are introduced in
Section 2.2. This is useful for providing an understanding of the nonlinear pro-
cesses in conventional transmitters, and the analysis and measurement results

presented in later chapters.

In Section 2.3, key transmitter architectures for achieving high linear-



ity are investigated, including feedforward, digital predistortion (DPD), and a
variety of approaches based on feedback. Linearity and stability of the feed-
back system are explored further because the transmitter topology proposed
in Chapter 3 is based on Cartesian feedback. It should be noted that the
transmitters discussed are assumed to employ a linear PA, because linear PAs
have been extensively utilized for high data rate communications. Therefore,
several well-known transmitter architectures based on switching PAs are not
discussed in this section, such as envelope elimination and restoration (EE&R)
[12, 13], polar transmitters [14, 15], and linear amplification using non-linear

components (LINC) [16-18].

2.2 Transmitter Linearity Metrics
2.2.1 1dB Compression Point (P1dB)

The transfer function of a memoryless nonlinear amplifier can be writ-
ten as a power series, as shown in Fig. 2.1. In the transfer function, the
coefficient a; represents the small signal gain. Higher-order coefficients such
as as and ag generate various nonlinear products. When a sinusoidal signal,
x = Acoswt, is applied to the input, the output, taking into consideration only

the first three terms of the transfer characteristic, can be expressed as

a9 AZ 3

L

CL3A

3az A® A?
+ (alA + az ) coswt + a22 cos2wt + cosdwt ---  (2.1)

The output is composed of a DC term, the fundamental term, and high-
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Input 1dB compression
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Figure 2.1: Single tone distortion and P1dB

order harmonic terms. In narrowband RF systems, the fundamental term is
retained but the other harmonic terms can be filtered out of the output. If
a1 and ag have opposite polarity, as the input amplitude A is increased, the
fundamental term is reduced by the non-linear product 3az A3 /4, which reduces
the effective small-signal gain of the amplifier. Fig. 2.1 also shows a plot that
depicts the gain compression as the input power is increased. The output
power at which the gain is decreased from the small signal gain by 1dB, is
defined as the 1dB compression point (P1dB). The input amplitude at which

the gain is reduced by 1 dB is given by

4

AldB ~ 0.332 g il

a3

(2.2)



Fundamental tones

Inputtwotones 3 = g x + a,x* + a,x* -
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P P3
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Figure 2.2: Two-tone distortion and I1P3

2.2.2 Third-Order Input-Referred Intercept Point (IIP3)

When two sinusoidal input signals with the same amplitude are applied
to the above non-linear circuit, such that the total input is given by x =
Acoswit + Acoswst, the output can consists of numerous harmonic terms and
intermodulation terms simultaneously. When w; and w, are close, 3'¢ order
intermodulation terms at 2w; — wy and 2w, — wq, known as IM3, will be in
the vicinity of fundamental terms at w; and ws which is critical for both the
transmitter and the receiver. Fig. 2.2 shows intermodulation distortion caused
by two-tone signals. In order to estimate the linearity of the narrowband
RF system with two-tone signals, fundamental tones at w; and w, and IM3

products at 2w; — w9 and 2wy — wq are considered, and the output is written

10



as

3

a3 A 3
y =~ <a1A+ GZ )coswlt—i-(alA—l—

9&314

) coswat

3 CLA3

A
97 cos (2w —ws)t +

+

cos (2wy —wq) t

(2.3)

From Eq. (2.3), the input amplitude A is assumed to be too small to
compress the fundamental tone, that is 3azA%/4 is much smaller than a;A.
Then, when the input amplitude A is increased, the fundamental and IM3
tones are increased with the slope of 20 dB/decade and 60 dB/decade, respec-
tively. Fig. 2.2 also shows the plot of fundamental tone and IM3 tone on
a dB scale. If there is no compression, the fundamental and IM3 tones will
intersect at a certain input power defined as the input intercept point (IIP3).
When the input-level equals 1TP3, the fundamental tone and IM3 tone should
be the same, which means that a;A;;p3 = 3azA3;ps/4. Therefore, the input
amplitude at I1IP3, A;;ps is given by

4
Arrps =4/ 5

3

a1

(2.4)

as
When the power of a fundamental tone, P,,;(dBm) and the power of a

3" order intermodulation tone, IM3(dBm) are measured for an input power

level, P;,(dBm), the IIP3 can be estimated as

IMD(dB)

I1P3(dBm) = Pyu(dBm) + ——

(2.5)

11
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where,

IMD(dB) = P, (dBm) — IM3(dBm)

Second order nonlinearities, cause a DC offset, which is also critical
for direct-upconversion based transmitter architectures. When baseband 1/Q
signals are up-converted by a transmitter mixer, the nonlinearity generates
a substantial LO tone at the output, which not only deteriorates the trans-
mitted signal but can also saturate the power amplifier due to large inband

interference.

12



2.2.3 Spectrum Emission Mask and Adjacent Channel Leakage Ra-
tio (ACLR)

When the transmitter provides a band-limited, modulated signal, non-
linearity and noise of the transmitter generate a spectral leakage that can
appear on adjacent frequency bands relative to the desired output spectrum,
which is known as adjacent channel leakage. Adjacent channel leakage can
corrupt other communication signals. Therefore, wireless standards define a
spectrum emission mask to limit the amount of spectral leakage on nearby

frequency bands.

Fig. 2.3 shows the spectrum of a digitally modulated signal with a
20 MHz channel bandwidth and its spectrum emission mask. The spectrum
shows substantial leakage on both adjacent channels, which are quantified by
the adjacent channel leakage ratio (ACLR) [19]. Based on Fig. 2.3, low side
ACLR is defined as

v PSDdf

ACLR =
[ B PSDdf

(2.6)

2.2.4 Error Vector Magnitude (EVM)

Error vector magnitude (EVM) is another metric to quantify the quality
of digitally modulated signals. Fig. 2.4 shows a typical 16-QAM constellation
at the output of a transmitter. The constellation plot shows a cloud of points
around each assigned position, which represents amplitude and phase errors

of the transmitted signal. EVM is defined as
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)2 (2.7)

k=1

EVM:\I;[%(

In Eq. (2.7), N is the number of data samples, and e, and s, are an

error vector and a signal vector at the k" sample, respectively.

While ACLR is mainly determined by nonlinear distortion, EVM char-

acterizes total errors generated by nonlinear distortion, thermal noise, LO

phase noise, and 1/Q mismatch. Therefore, EVM can characterize the signal-

to-noise ratio (SNR) of the transmitted signal. A typical nonlinear mechanism

was discussed in Section 2.2.1 and 2.2.2, but Fig. 2.5 shows another mecha-

nism involving I/Q impairment and the resulting spurious LO signal which can

degrade EVM [9]. If baseband 1/Q amplifiers have DC errors, or quadrature

LO signals have phase errors, 1/Q paths would have substantial mismatch.

In this case, I/Q imbalance induces inband noise due to the deterioration of
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image suppression, as well as LO feed-through. This can be a major source of

interference in the signal band.

2.2.5 Modulation and PAPR

High order modulation would be preferred in high data rate communi-
cation systems, because spectral efficiency is proportional to logaM where M
is the number of bits per symbol. However, in the case that quadrature am-
plitude modulation (QAM) and amplitude-shift keying (ASK) are employed,
PAPR of the modulated signal is increased by M, which requires correspond-

ingly higher linearity of the transmitter.

Orthogonal frequency-division multiplexing (OFDM) modulation is

also widely used to mitigate multipath fading for high data rate systems, but
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the use of numerous sub-carriers in OFDM can also sharply increase PAPR.
When OFDM has N sub-carriers using M-QAM, and all sub-carriers are as-
sumed to use the same symbol with the highest energy simultaneously [19],

the worst-case PAPR of an OFDM signal can be derived as

(2.8)

VM -1
PAPRorst = 2N x 3 ( )

VM +1

For example, when OFDM has 64 sub-carriers using 64-QAM, the worst
PAPR would be around 24.7 dB. In practice, the sub-carriers of OFDM signals
are statistically distributed and the PAPR should be estimated by using accu-
mulated statistical data for all sub-carriers. The complementary cumulative
distribution function (CCDF) is used extensively to measure the probability
distribution of PAPR. Fig. 2.6 shows the CCDF of an OFDM signal with 64
sub-carriers using 64-QAM. The OFDM signal has the maximum PAPR of
9.8dB, which is still large, but significantly smaller than 24.7dB.

It should be mentioned that various coding techniques have been de-
veloped to reduce the PAPR, such as clipping, interleaving and windowing.
Moreover, while an LTE system uses OFDMA in the downlink, for the up-
link path of the mobile system, the LTE standard uses single carrier (SC)
frequency-division multiple access (FDMA) to reduce PAPR. This would usu-
ally be smaller than the PAPR of a WLAN system.
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Figure 2.7: Volterra series illustration
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2.2.6 Volterra Series

Conventional memoryless time-invariant nonlinear systems are de-
scribed by a power series as shown in Sections 2.2.1 and 2.2.2. However,
when a nonlinear system has memory, leading to frequency dependence due
to time delay or energy storage, a Volterra series is a useful analytical tool
especially for weakly nonlinear time-invariant dynamic systems [20, 21]. Here,
weak nonlinearity means that the input signal is sufficiently small such that

the nonlinearity can be represented by a finite series of relevant terms [22, 23].

Fig. 2.7 illustrates a Volterra series representation of a weakly nonlinear
dynamic system. The nonlinear output of y (¢) is represented by the sum of
responses of individual Volterra operators Hy, H, etc. Then, the Volterra

series is expressed as

y(t) = Hy [z ()] + Ha [z ()] + Hs [ (2)] - -- (2.9)

where

Mo @) = [ [ e )

X x(t—m)x(t—m) -x(t—m1,)dndr---dr,

In Eq. (2.9), hy, (71,72, -+ ,7n) is called the n'"-order Volterra kernel,

which is equivalent to an n-dimensional impulse response. Therefore, the op-

18



eration H,, [x(t)] represents the n-dimensional convolution integral of the input

with an n-dimensional impulse response.

When the Volterra series is described in the Laplace domain, it can be

also written as

Y = H1 (81) OX(Sl) + HQ (81,82) OX(Sl) oX (82)

+ Hs (s1,82,53) 0 X (s1) 0 X (s9) 0 X (s3) -

(2.10)
where
+oo
Hn (317827"' ) / / T177-27 7Tn)
xe~ (s1T1+s2T2+ 450 Tn) ClTldTg dTn
In Eq. (2.10), H,, (81,52, -+ ,8,) is an n''-order Volterra kernel in the

Laplace domain with s = jw and solving the output of the nonlinear system

is the equivalent of finding the Volterra kernels.

It can be extremely complicated to solve a Volterra series of a general
nonlinear dynamic system. However, if the system can be decomposed to
linear dynamic blocks and nonlinear memoryless blocks, the Volterra kernels
can be more easily calculated. Fig. 2.8 describes an exemplary nonlinear

dynamic system [24, 25]. In Fig. 2.8, the nonlinear dynamic system consists
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Figure 2.8: Typical weakly nonlinear time-invariant dynamic system

of the input linear dynamic block of M (s), the nonlinear memoryless block
of Yin = A1%ous + 222, + azx3,, - -+, and the output linear dynamic block of
N (s). For example, for the RF amplifier, M (s) and N (s) can be assumed to
be the input and output matching networks, respectively, and the nonlinear
memoryless block represents the nonlinear current of an active device in the

amplifier.

Then, the first three Volterra kernels of Y,,; in Fig. 2.8 are given by

Hi(s1) = aiM(s1) N (s1)
Hy (s1,82) = asM (s1) M (s3) N (s1+ $2)

Hs(s1,82,83) = asM (s1) M (s2) M (s3) N (s1 + s2 + $3) (2.11)

Based on Eq. (2.11), the system linearity can be evaluated. For exam-

ple, if two-tone signals with the amplitude of A and narrow frequency spacing
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are employed, this means s; = s3 = jwi, S = —jws, and w; = ws = w. Then,

4
“A\l3

2.3 Transmitter Architectures for Linearization
2.3.1 Feedforward Architecture

the I1P3 is given by

4 |1H
Arrps = 3 ‘Hl
3

(2.12)

I
as M (jw)2

Feedforward is a classical technique for linearization, invented by H.S.
Black [26]. Fig. 2.9 shows a feedforward architecture and an illustration of how
to cancel IM3 terms at the output when two-tone signals are applied. First,
a time delayed version of the input signal is subtracted from the attenuated
output of the main amplifier to provide an error signal. This mainly contains
the distortion terms of the main amplifier. The error signal is adjusted by the
error amplifier and the phase shifter, and is used to cancel the distortion term

of the main amplifier, in the combined output.

Feedforward is unconditionally stable and is useful for linearizing broad-
band signals. However, the main power amplifier usually suffers from large
variation in nonlinearity as a function of signal strength, process, and temper-
ature. Gain and phase of the error amplifier in the feedforward path could also
vary similarly, which increases the cancellation error in the combined output.
Therefore, in order to match the two paths, the design would need a complex

analog/digital calibration loop to monitor the variation of both signal paths
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Figure 2.9: Feedforward architecture for PA [2]

and to adjust the gain and phase of the feedforward path adaptively. In ad-
dition, the architecture also requires several discrete passive components, like
couplers and power splitters, which make reduction of size and cost difficult.
Therefore, while the feedforward approach has been widely employed in base

stations, it would be very challenging to utilize in mobile systems.

2.3.2 Digital Predistortion (DPD)

DPD is a digital compensation scheme to linearize the overall transmit
path by using baseband DSP [27, 28]. In theory, DPD systems are well-
suited for broadband linearization. Fig. 2.10 represents conventional DPD
architecture. It is composed of the main transmitter path including the PA,
the feedback loop, and the digital predistortion generator inside the DSP. The
feedback loop senses the PA output and converts it to the digital domain

after down-conversion. The DPD generator estimates the DPD coefficients
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using the feedback signal. The estimated DPD coefficients are subsequently
multiplied by the original 1/Q signals to generate DPD 1/Q signals, which are

then applied to the main DACs.

The output of the power amplifier needs to be monitored by the sys-
tem to control the DPD signal adaptively. This typically requires a high level
of digital computation for fast tracking and calibration, especially for broad-
band signals. To satisfy system requirements, prior DPDs for mobile systems
mainly used a look up table (LUT) to generate DPD signals after a calibration
period. This approach did not support real-time adaptive adjustment for PA
variation. However, as the computing power of digital signal processors (DSP)
has improved with CMOS process scaling, DPD is becoming viable for mobile
systems. Real-time adaptation of DPD has been demonstrated for broad band

applications in [3, 22, 29].
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2.3.3 Feedback Transmitter

Feedback is another major approach for linearizing systems, and was
also invented by H.S. Black [26, 30]. A variety of transmitter architectures are

based on a basic negative feedback approach.

2.3.3.1 Linearity Improvement Through Feedback

It is well known that negative feedback can improve the linearity of
an amplifier. Consider an amplifier within a feedback loop that has the same
gain as an open-loop amplifier. Fig. 2.11 shows the feedback loop and the
corresponding open-loop amplifier. The feedback loop and the open-loop use
the same amplifier but an ideal back-off is added in front of the open-loop

amplifier, to match gains of the feedback and the open-loop cases. In the
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feedback loop, the main amplifier and the feedback gain are represented as
Yy = a1 + ax® + asz® and B = bix + bya? + bsa®, respectively. The open-
loop has the same amplifier used in the feedback loop and the back-off loss is
represented as R = 1/(1 4 a;by). The nonlinear equation of the feedback loop,

Vout = J1Vin + 9202, + g3v3,, can be derived from

Vout = G1Vin + gzvfn + 931}?” = m (Um - (blvout + b2v§ut + b3v§ut))
+a2 (Uz‘n — (bl’Uout + bQ'Uzut + b3v§m)>2
—I—(l3 (Uz‘n — (bl’Uout + bQ'Uzut + b3v§“¢)>3

(2.13)

Assuming fully differential implementation for the amplifier and the
feedback path, 2°¢ order distortion terms can be ignored (ag =by = go = hy =

0). Then, nonlinear coefficients of the closed loop, ¢g; and g3 are expressed as

g = 1+ a161
4
as — albg
gy = — 1B 2.14
3 (1 + a1b1)4 ( )

Nonlinear coefficients of the open-loop amplifier, h; and h3 are simply

written as

a1
ha =
! 1+ a1b1
as
he = — 2 2.15
3 (1 + a1b1)3 ( )
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As expected, g; and hy are the same, but gs3/hg is given by

as—atbs 4 (b
& — (1+a1l171) — 1- a (i) (2 16)
hs3 d#)a 1+aib

If the feedback path has sufficiently small 3" order distortion to ensure

that albs/as < 1, then

9 1
hs 1+ aib

(2.17)

Thus the IM3 terms of the feedback loop are attenuated by the loop
gain (1 + a1by) = a1by, compared to the IM3 terms of the open-loop. The feed-
back path should be highly linear to get the result of Eq. (2.17). Otherwise,
distortion terms of the feedback gain can substantially degrade the linearity
of the feedback loop. Typically, the feedback path is implemented by passive
circuits that have very good linearity. In a Cartesian feedback architecture
however, the baseband buffer following the down-conversion mixer may dete-

riorate the linearity of the feedback path. For this reason, it must be designed

carefully.

In addition, when b3 = ag/a} , g3 will be zero, which means that the
3' order distortion term of the main amplifier is canceled by the 3¢ order
distortion of the feedback path. The condition (b3 = as/aj ) can be employed
for achieving high linearity. However, it would actually be very challenging to

meet this condition in practice, because of substantial variation of a; and as.
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Figure 2.12: RF feedback using separate amplitude and phase loops for PA [4]

2.3.3.2 RF Feedback

A simple approach to employing a feedback loop to linearize a PA,
involves the use of RF feedback. With RF feedback, the PA output signal is
directly fed back to the RF input through a coupler or an attenuator. However,
it would be difficult to achieve high forward gain of RF feedback due to loop
stability requirements and the large power consumption of RF gain blocks.

This makes it difficult to implement RF feedback.

Recently, a linearization technique based on RF feedback was proposed,
and its block diagram is shown in Fig. 2.12. Unlike conventional RF feedback,
this approach includes two separate indirect feedback loops for an envelope
and phase. From the PA output, the envelope and phase are extracted by a

phase detector and an amplitude detector. Once they are compared to the
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envelope and phase of the PA input signal, these two error signals are used
to control the phase and amplitude, respectively, in the forward path. This

achieves an equivalent RF feedback.

Typically, separate envelope and phase signals would have larger band-
width than the resulting composite signal. This makes it difficult to imple-
ment separate envelope and phase feedback loops. However, the proposed RF
feedback approach demonstrated moderate ACLR improvement without sup-
porting the full signal bandwidth. This is because most of the power of the
envelope and phase signals is found around DC and this power can be detected

and regulated by the loop [4].

2.3.3.3 RF Feedback-Feedforward

The RF feedback-feedforward architecture was proposed by Faulkner
[31]. Fig. 2.13 shows the conceptual block diagram. The idea is to combine
conventional RF feedback with RF feedforward. The error signal of the feed-
back loop can be the input of the feedforward path that achieves additional
improvement in the linearity. The proposed transmitter introduced in Chapter

3 is based on this architecture.

Within the forward path, down-conversion and up-conversion mixers
are added to control the loop phase. This also allows for the use of the base-
band amplifier and loop filter indicated by G in Fig. 2.13, that provides both
the high forward gain and the proper loop bandwidth. With RF feedback,

due to the limited loop gain, the amount of error signal is not small. Thus, if
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additional gain paths represented as g1, and g; provide the proper amount of
signal in the loop instead, the error signal could be significantly reduced [32].
This could relieve the linearity requirement on both the error amplifier and

the feedforward amplifier. This idea will be discussed more in Chapter 5.

2.3.3.4 Introduction to Cartesian Feedback

A Cartesian feedback transmitter is a modification of traditional feed-
back [33, 34]. It uses two decoupled feedback loops operating on the I and Q
paths. Fig. 2.14 shows the Cartesian feedback architecture. Compared to a
conventional transmitter, Cartesian feedback adds a down-conversion feedback
path to the RF path. This path does not require high power consumption as
it can use primarily passive circuits. However, potentially large group delay,
multiple poles and zeros distributed along the feedback path and RF match-

ing network, and AM-to-PM conversion in the PA can deteriorate the loop
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stability. Ensuring loop stability limits the loop bandwidth and makes it chal-
lenging to use Cartesian feedback in a broadband system [5, 35]. Therefore, it
has been used for narrow band systems such as TETRA which has a channel
bandwidth of about 25KHz, or for linearizing fully integrated transmitter 1Cs
that include the PA, and thus avoid a large onboard feedback delay [36, 37].

To understand the impact of time delay in a Cartesian loop, Fig. 2.15
shows the open loop path of the Cartesian feedback architecture [5]. In
Fig. 2.15, the I and Q channel inputs are up-converted by a quadrature
up-conversion mixer. The PA and feedback gain are represented by A and
3, respectively. The time delay 7 is added between the PA and the feedback
gain. LO signals of down-conversion mixer in the feedback are assumed to

have an adjustable phase ¢. Then, the PA output is shown as

P, (t) = ALy, (t) sinwrot + AQyy, (t) coswrot (2.18)
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If the 2wy terms are assumed to be rejected by filtering, the I channel

and @ channel feedback outputs are given by

Ap

I (t) = 5 [Lin, (t — 7) cos (wpoT + @) + Qin (t — 7) sin (wroT + ¢)]
Qp(t) = Af [— L, (t — 7) sin (wpoT + @) + Qin (t — 7) cos (wroT + )]

(2.19)

If sin (wroT + ¢) # 0, I, (t) does not only contain I, (t — 7) but also
Qin (t — 7). Here, Qy (t) also consists of both I, (t — 7) and Q;,, (t — 7) simul-
taneously. Therefore, the I and QQ paths are not isolated and the loop stability

of the Cartesian feedback can be degraded by the phase of wy o7 + ¢ [38]. For
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example, if wroT + ¢ = 7/2, If, (t) and Iy, (t) are given by

n®) = ZQui-7)
A
Q) = 1.7

(2.20)

Here, Iy, (t) and Qg (t) only have signals from the opposite channels

and this would be the worst possible condition for stability [38].

Additionally, when I, () and Q) (t) have the correct signal as well as
the other channel simultaneously, the other channel signal can be regarded as
input noise at the up-conversion mixer. Then, even if the I and Q paths are
assumed to have no mismatch errors, the opposite channel signal will not be
suppressed by the up-conversion mixer. This condition leads to large inband

noise as shown in 2.2.4.

Therefore, in order to ensure loop stability and 1/Q image suppression,
the LO phase of the down-conversion mixer ¢, needs to be controlled to make

¢ = 2nm —wroT. The I/Q feedback outputs can then be simplified to

Iy (1) = Affz‘ (t—7)
Qn(t) = 2Quit—)

(2.21)
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Now Iy (t) and Qy, (t) only contain correct signals and the Cartesian
feedback can be interpreted as two independent feedback loops with a time
delay of 7. In a Cartesian feedback loop with an off-chip PA, the time delay
7 can be large. This causes a significant phase lag that can severely degrade
loop stability. For example, if 7 is 2 ns and the unity gain bandwidth is 100
MHz, the delay generates the phase lag of 2ns x 100 M Hz x 360° = 72° at

the unity gain frequency.

If the loop bandwidth is small, the loop filter can easily provide a good
phase margin for the feedback. Also, the effective phase lag caused by the
delay might not be critical because the unity gain frequency can be small.
However, to increase the loop bandwidth, the loop filter would need a wide
pass band simultaneous with sufficient phase margin. Even though several
loop filter topologies have been attempted for Cartesian feedback, such as
high order filters or those employing properly placed zeros [39, 40], it is still

challenging to achieve large loop bandwidth with Cartesian feedback.

The group delay of Cartesian feedback has not been discussed in this
section, but a large group delay variation of a Cartesian loop could be prob-
lematic, primarily when high order envelope modulation is employed. Thus,
while deciding the type and order of the loop filter, the overall group delay

variation should be taken into consideration.
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Figure 2.16: LO phase alignment of Cartesian feedback [6]

2.3.3.5 Techniques for Cartesian Feedback

In a Cartesian feedback loop with large delay, the LO phase should
be correctly aligned so as to not couple the 1/Q signals. Also, to achieve the
required loop bandwidth, Cartesian feedback would need suitable schemes to
compensate for stability degradation arising from the delay. Fig. 2.16 rep-
resents a typical architecture for LO phase alignment in Cartesian feedback
[6, 38]. First, the switches to the combiners are set to off which disconnects
the feedback loop. Other switches to phase detectors are turned on, which
provides the correct LO phase adjustment. When the test signals are applied
to I/Q inputs, Ly, (t), Qin (1), I (t) and Qp (t) will be presented to the phase

detector. If the I/Q test signals are assumed to be very low frequency mod-
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ulation signals, such that I, (t — 7) &~ I, (t) and Qq, (t — 7) = Qy (1), Eq.
(2.22) and (2.23) can be easily derived by using Eq. (2.19).

]m (t) be (t) — Qm (t) Ifb (t) = —142611 (t)Q sin (wLoT —+ gb)

210 Qua (1) cos (207 + 0)

_Ame (t) Lin, (t) cos (wroT + ¢)

—Asz‘n (t)? sin (wroT + ¢)

= (1 (1 + Quu (12 sin (wr07 + 0)

(2.22)

Lin () Ipp () + Qin (1) Qpp (1) = Af[m (t)2 cos (wpoT + @)

+Affm (£) Qun (1) sin (wroT + 0)

_Ame (t) Lin (t) sin (wpoT + @)

Ame (15)2 cos (WroT + @)

= (1 (0 + Qua (02) cos (rom + )

(2.23)

It should be noted that Iy, (£)* 4+ Qi (£)? is the square of the magnitude
of the I/Q test signals. Based on Eq. (2.22) and (2.23), when the LO phase
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of the down-conversion mixer ¢ is adjusted, the optimal LO phase to make
both sin (wpoT + ¢) = 0 and cos (wroT + ¢) = 1 can be selected, and it will
be saved in memory for the Cartesian loop. In addition, a conventional phase
detector can be implemented using analog multipliers and a subtractor. The
DC offsets of the analog multipliers might generate significant errors in the
phase detection and the offset should be minimized by matched layout and
additional calibration, if necessary. In [38], chopper stabilization was proposed

to implement analog multiplication without offsets.

Even when the LO phase is perfectly aligned, the time delay in the
feedback loop is still critical for stability. As mentioned, there have been
several prior ideas focused on the loop filter design, but Fig. 2.17 shows

another stability improvement technique. As shown in Fig. 2.17, the error
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signal in the baseband is re-applied to the demodulator output through a
band pass filter, which serves as a local feedforward. The center frequency of
the band pass filter is located around the unity gain frequency of the main
loop. The band pass feedforward path provides an additional zero and pole
on both sides of the unity gain frequency, which helps to enhance the phase
margin.

Cartesian feedback can also be combined with various digital techniques
to improve the PA linearity [7, 41]. Fig. 2.18 shows an example which combines
Cartesian feedback with DPD. It consists of a conventional Cartesian loop,
a look-up table (LUT) based DPD generator, additional ADCs and DACs.

When the Cartesian loop is initially ON for training the DPD generator, sig-
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nals at the loop filter outputs are applied to the DPD generator through the
ADCs. Using the given data and original 1/Q data, the DPD generator up-
dates the LUT to enable it to generate the proper 1/Q signals with distortion
terms. Once the update is finished, the ADCs turn off and the DPD generator
provides additional 1/Q signals through the DACs, which helps to improve the
total linearity. Basically, the additional signal applied to the feedback appears
similar to the linear signal-bleed shown in Fig. 2.13, but the DPD signal also

has predefined distortion terms.

2.4 Conclusion

In this chapter, fundamental characteristics and metrics for describing
transmitter linearity were introduced. The metrics discussed included P1dB,
TIP3, ACLR, EVM and PAPR. While P1dB and IIP3 are basic metrics that
are used to represent block level nonlinearity, ACLR and EVM can be used
to demonstrate the linearity of transmitters and receivers. PAPR is a critical
factor for determining the maximum linearity needed for the transmitter out-
put. Volterra series representation of weakly nonlinear systems with memory
was described. This is employed for the analysis of the proposed architecture

in Chapter 3.

Various previously reported architectures for high linearity transmit-
ters were explored. With feedforward, two transmit paths generating the
same amount of distortion products with opposite polarities, are combined

in parallel. This approach has mostly been used in base stations to linearize
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high power signals with wide bandwidth. However, it is challenging to ap-
ply feedforward to mobile systems directly, because many passive components
are required in the feedforward path. Moreover, a complicated compensation

scheme is required to address the substantial variation of the PA over time [7].

For DPD, the distortion product of the front-end PA is compensated by
the intended pre-distortion term created from the baseband digital stage, after
correct estimation of the nonlinearity of the PA. Typically, this requires large
computing power in the digital domain to calculate the distortion products and
to provide a suitable DPD signal that is effective even with large PA variations.
As high performance DSPs become more practical for mobile devices due to
rapid development of CMOS technology, DPD could become a feasible solution

for linearization of the transmitter chain in mobile systems.

As described above, a feedback loop can attenuate nonlinear products
generated by the forward path, in proportion to the loop gain. For wireless
transmitters, RF feedback and Cartesian feedback have been explored but
due to limited loop bandwidth and loop stability constraint, most feedback

architectures have been applied to narrow-band systems.
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Chapter 3

Cartesian Feedback-Feedforward Transmitter

3.1 Introduction

For Cartesian feedback to be a practicable technique for improving the
linearity of off-chip linear PAs [33] in low-cost systems, the baseband signal
processing requirement should be relatively simple. In broadband systems,
ensuring loop stability limits the loop bandwidth and makes it challenging to
use Cartesian feedback [5]. Several techniques to improve the loop bandwidth
and stability of Cartesian feedback have been proposed. Automatic LO phase
alignment and calibration for Cartesian feedback are reported in [6, 38]. In [5],
the loop gain and phase near the unity gain frequency of Cartesian feedback
can be enhanced by the feedforward path with the use of a bandpass filter. In
[7], a digital look-up table (LUT) and DACs are used to generate predistorted

signals similar to DPD.

In this chapter!, a Cartesian feedback-feedforward transmitter is pro-
posed for improving the linearity of the transmit path that includes an off-chip

PA [42]. While previously reported techniques for Cartesian feedback mainly

!This chapter includes material from the publication : Sungmin Ock, Jaegan Ko and
Ranjit Gharpurey, “A Cartesian Feedback Feedforward Transmitter”, IEEE International
Symposium on Circuits and Systems, pp. 209 - 212, 2011, © 2011 IEEE.
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focus on improving the loop stability and bandwidth in order to suppress the
distortion of broadband signals, the proposed architecture can achieve addi-
tional linearity improvement by combining a conventional Cartesian feedback
loop with feedforward, while satisfying the requirement for a low-complexity

implementation.

Section 3.2 introduces the Cartesian feedback-feedforward transmit-
ter. System analysis and simulation results are presented in Section 3.3. A
feedback-feedforward model is described to describe the basic idea. The ar-
chitecture is further explored using a Volterra-series analysis. The impact of
time delays in the feedback and feedforward paths is also discussed. System
simulation results using two-tone signals and modulated signals are provided

in Section 3.4. Section 3.5 presents conclusions.

3.2 Cartesian Feedback-Feedforward Transmitter

Fig. 3.1 shows the architecture of the Cartesian feedback-feedforward
transmitter. It consists of a traditional Cartesian feedback transmitter and an
auxiliary transmit path that consists of an 1/Q modulator and an auxiliary
driver amplifier. Fundamentally, it is based on the RF feedback-feedforward
structure proposed in [31]. However, the proposed approach employs a Carte-
sian architecture that uses separate 1/Q signal paths with up- and down-
conversion. As Fig. 3.1 shows, the feedforward path uses as its input the

baseband error signal of the Cartesian feedback loop.

In this approach, linearization is achieved using two mechanisms.
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Figure 3.1: Cartesian feedback-feedforward transmitter

Cartesian feedback is used to improve the linearity of the main amplifier by
employing the loop gain. Then, by combining the feedforward path output
with the output of the Cartesian feedback transmitter, the residual distortion
product arising from the main PA is reduced by cancellation resulting from the
distortion product that the feedforward path delivers. By combining feedback
and feedforward in this manner, the proposed architecture achieves a greater
improvement in linearity for a given loop bandwidth than Cartesian feedback

by itself.
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3.3 Analysis of Cartesian Feedback-Feedforward Trans-
mitter

3.3.1 Feedback-Feedforward without Frequency-Translation

To understand the proposed idea intuitively, we use a simple feedback-
feedforward model shown in Fig. 3.2 that does not involve frequency-
translation.

Error signal Main amplifier DA (s)

Input signal E(S) Y,y (S)
X(s) —l— »| A(s)

(s)

M\

Feedback path :YTOTAL

y

B(s)

\

Yer ()

Auxiliary amplifier DB (S)

Figure 3.2: Feedback-feedforward model

In Fig. 3.2, A(s) represents the transfer function of the main amplifier
and B (s) denotes the transfer function of the auxiliary feedforward path.
The distortion products arising from the main and auxiliary amplifiers can
be represented as additive errors D4 (s) and Dg(s) respectively. Here,
symbolizes the feedback gain which for simplicity is assumed to be perfectly

linear and memoryless.

The feedback output Yrp (s) and the error signal F (s) are given by
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Els)= — X (s)——DD,(s) (3.2)
1+ A(s)p 1+A(s)p

As can be expected in a negative feedback system, the distortion output
of the main amplifier D, (s) is suppressed by the loop gain. When the error
signal provided by Eq. (3.2) is used as the input of the auxiliary amplifier,

with B (s) of 1/, the output of the auxiliary amplifier Yrr (s) is given by

1/8 1

Yir ()= a3 O T T A 5

Dy (8) + Dp (S) (33)

By combining the feedback output from Eq. (3.1) and the feedforward

output from Eq. (3.3), the resultant signal can be expressed as

A(s)+1/5

A g X 6+ Dels) (3.4)

Yrorar (s) =

We observe that the distortion output of the main amplifier Dy (s) is
canceled above and that the distortion output of the auxiliary amplifier Dp (s)
is the only remaining component in the total output. The auxiliary amplifier
has a gain of 1/ that can be made significantly lower than that of the main
amplifier A (s). In this case, we can expect that the distortion output of the

auxiliary amplifier Dp (s) will be much smaller than the distortion of the main
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amplifier D4 (s). Thus the overall linearity can be significantly improved by

the feedforward path without changing the feedback network.

3.3.2 Analysis using Two-Tone Signals and Volterra Series

Fig. 3.3 shows the detailed feedback-feedforward network. The network
includes a nonlinear polynomial model of the main amplifier, the loop filter,
delay of the main path, and the feedback paths, as well as a nonlinear model

of the feedforward path. The main amplifier is assumed to have a memoryless

nonlinearity given by az;, + asx?, + azzs, - --. The auxiliary amplifier in the
feedforward path is also modeled by bx;, + box? + bszd -+, similar to the

main amplifier (Fig. 3.3).

Cartesian feedback loops can employ different types of loop filters to
ensure the stability of the feedback loop. In this analysis, a simple one-pole
loop filter L (s) with a 3dB frequency of w, is included in the main forward
path. A time delay of 71 with a frequency response of e™*™ is also included in
the forward path. This delay is assumed to be static for this linearity analysis
but in reality it can vary with output power due to phenomena such as AM-to-
PM conversion, which can be observed if the non-linearity has memory. The
feedback path has a gain of g and a time delay of 7. Unlike the forward time
delay of 7, the time delay of the feedback path is primarily a static delay, and

arises due to passive components such as the PCB traces.

For simplicity, the two amplifiers are assumed to have identical linear

gains, i.e., a; = b; and their 2"? order distortion terms are assumed to be
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negligible (as = by = 0), which would be the case for a fully differential
system. An attenuator with a gain of R is added to adjust the gain of the
feedforward path. A phase shifter P (s) that provides a delay of 74, is also
employed in the feedforward path to align its phase. When the output signals
of the feedback and the feedforward paths are combined, a coupler can be used
to minimize the signal loss of the main feedback path and to provide isolation
between the feedback and feedforward outputs. The coupler is modeled by an
ideal summation device with a coupling loss of C, and the insertion loss of the
coupler is ignored for simplicity. Thus, while the output signal of the main
feedback network is assumed to be delivered to the final output without loss,
the output signal of the feedforward path is transferred to the final combined
output with a coupling loss of C.

Error signal Loop Filter Time delay Main amplifier

F————

6‘ _ 1 outl | yo .
xs + =L(S) 1+i > e,srl | : | I total
- a
‘ Vo] !

|
N 5 | Coupler
alx +a2xin +a3xm o

|
|
:
in : C := ,}
|
|

|

Feedback gain Time delay

. —ST2 i
B e

A !

R w |

M

Attenuator Phase shifter Auxiliary amplifier

PEe=e™” _’%

blxm +b2xmz + bsxm} +ee

> R

\4

Figure 3.3: Amplifier-based feedback-feedforward model

Volterra series representation is widely utilized for analyzing weakly

nonlinear systems [20, 21]. By applying a Volterra series analysis to the feed-
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back network in the frequency domain [25, 42, 43], the output of the main

feedback network, Y,,;1, can be written as

Your1 = A1 (s1) 0 X (51) + A2 (51, 52) 0 X (s1) 0 X (s82)

+ Az (51,52, 83) 0 X, (51) 0 X (52) 0 X (s3) -

where,

are 1L (s
Al (51) = - T<81>< 1>
AQ (81, 82) =0

are”G1¥setsa)n [ (g) [ (s5) L (s3)

Az (81,52,83) = T (s1) T (s2) T (s3)T (514 $2+ s3)

T (s) =1+ afe ML (s)

(3.5)

For a two-tone test, assuming narrow frequency separation, the 3™

order intermodulation distortion (/M 3) of the feedback network can be shown

to be given by

3 51A3] 3 L (jw)|?
Al T el o))
where s = s3 = jwy, o = —Jws and w X Wy = w.

The output of the feedforward path, Y2, is expressed by
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Youro = B (s1) 0 X (81) + Ba (51, 52) 0 X (s1) 0 X, (82)

+ Bs (51,52, 53) 0 X (51) 0 X (52) 0 X (s3) - - -

(3.7)
where,
Bl(Sl) :b1 x RxC x P(Sl)E(Sl)
B2 (Sl, 82) = 0
Bs (817 82,83) =—-b x Rx(Cx ﬁe_(sl+82+83)7—2 X P (81, 82,83)
XAfg (81, S22, 83) + b3R3CP (81) P (82) P (83)
xF (81) E (82) E (Sg)
1
E(s) = (1 — pe Ay (s)) = ()
For P (s) = e *7// the total output Y is given by
Yiotat = D (51) © X, (51) + D3 (51, 52) 0 X, (51) 0 X, (52)
+ D3 (81, 892,53) 0 Xs(s1) 0 Xs(s2) 0 Xs(s3)--
(3.8)

where,
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Dy (s1) = Ay (s1) + Bi (1)
D, (s1,82) =0
Dy (51, 89, 83) = |1 — by RO e~ (1s2ts3)(matss)
x As (s1, S2, 53) + by RPCle™(s152+83)7¢

X FE (s1) E (s2) E (s3)

When the attenuator has a gain of R =1/ (b;5C) = 1/ (a1 C') and the
phase shifter has a time delay that satisfies (2w — wo) (72 + 77f) = 27N; N =
0,1,2,--- , then the 3" order distortion term that the main amplifier generates

in D (81,59, s3) is canceled and Dj (s1 S92, S3) can be re-written as

b3e—(81+82+83)7'ff
a3p3C2T (s1) T (s2) T (s3)

D3 (81782783) = (39)

If the loop gain is assumed to be sufficiently large that 7' (s) =
afBe=*(m*) [ (s), the IM3 of the feedback-feedforward network is given by

3
IM3 ==X?
4 S

Ds

D,

bs

S al

1
T (jw)I” (a1 5C)*

Therefore, using Eq. (3.6) and (3.10), the IM3 ratio of the feedback

~3X2

~

: (3.10)

and the feedback-feedforward network can be expressed by
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3v2|b 1
[M3|Feedback7Feedforward _ 4s ﬁ T (jw)P (a1 BC)2
IM3|Feedback 3 x2 |aa| ILG@)
4758 Jar | |T(jw)?
b 1
~ |2 (311)
as| |T (jw)|” C*

As shown in Eq. (3.11), compared to the feedback system by itself, the
feedback-feedforward system can improve linearity further, by a factor that is
inversely dependent on the magnitude of the loop gain of the feedback network,
and the coupling loss, and linearly proportional to the ratio of the nonlinearity
of the auxiliary and main path amplifiers. The total gain of the feedforward
path, 1/ (5C), is mainly determined by the feedback network and the coupler,
which are typically implemented using passive components. The phase shifter

in the feedforward path would have similar characteristics.

When the two-tone frequencies are known, the time delay of the phase
shifter is decided by the time delay of the feedback path 75 that might be mostly
static unlike the time delay 7 in the main forward path. While a conventional
feedforward technique requires stringent matching of the feedforward path and
the main path that could have substantial time-dependent variation due to
the main PA, the proposed technique needs matching of the feedforward path
and passive networks that typically exhibit a small and predictable variation.
To minimize the power consumption of the feedforward path, the auxiliary
amplifier can be designed with lower linearity than the main amplifier. Thus

bs will be larger than as in practice.
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Fig. 3.4 shows the achievable IM3 ratio for various loop gains and
ratios of |bs|/|as|. Using Eq. (3.11), for an assumed coupling loss of 10
dB which means C = 0.316, |bs|/|as| = 4, which implies that the auxiliary
amplifier has 6 dB lower OIP3 than the main amplifier, and a loop gain of 26
dB, the feedback-feedforward system can still achieve additional 20 dB IM3

improvement compared to the feedback system by itself.
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Figure 3.4: Dependence of IM3 ratio of feedback and feedback-feedforward
systems on loop gain and the |bs| / |as| ratio

3.3.3 Further Discussion of Multi-Tone signals

When multi-tone signals are applied to the feedback-feedforward sys-
tem, closed-loop linearity analysis based on Volterra series is excessively com-
plicated. As such, in Section 3.4 we will rely on system simulations to demon-
strate the utility of this approach. However, some key inferences can be

drawn based on the above two-tone analysis. Based on the previous analy-
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sis, when the time delay of the phase shifter in the feedforward path satisfies
(2wy —wo) (g +7pf) =27N; N =0,1,2,- -, the feedforward path can cancel
the distortion product of the main amplifier. It can be observed that the re-
quired time delay of the phase shifter P(s), 7, is not only decided by the time
delay of the feedback path 7 but also decided by the frequency separation of
the two-tones. Therefore, if multi-tone signals are employed in the system,
each distortion signal generated by various combinations of two-tone signals
would require a different time delay for cancellation. This implies a phase
error of the feedforward path that is proportional to the signal and adjacent

channel bandwidth.

If the time delay in the phase shifter has a negative value like 74y = —7,
a correct phase alignment would be available regardless of the two-tone fre-
quencies. This is clearly impossible because of causality. However by employ-
ing a phase shifter between the feedback output and the output combiner, it

is possible to achieve an equivalent phase relation.

Fig. 3.5 shows the modified feedback-feedforward model. In Fig. 3.5, a
phase shifter is not added in the feedforward path but added after the feedback

output. Now, the modified 3¢ order Volterra Kernel of Y, () is given by

D (Sl, S92, 53) = {6*(S1+82+83)Tﬂ7 _ blRCB6*(81+82+33)72i|
x Az (81,82, 83) + bsRCE (s1) E (s2) E (s3)

(3.12)
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Figure 3.5: Modified feedback-feedforward model

When R = 1/ (b1 Rf) and 7, = 7o, the distortion output of the main
amplifier can be canceled correctly. Considering the signal strength of the PA
output, it would be difficult to implement the active RF phase shifter after
PA. However, a passive phase shifter using a transmission line on the PCB
might be feasible, even though it would require substantial board area at RF
bands. An LC network could also be used to provide the required delay if the
bandwidth is relatively narrow, e.g., less than 5%. An integrated transmission
line might be also possible, but would likely involved greater losses if used

alone.

3.4 Architectural Simulation
3.4.1 Two-Tone Test

First, the concept of combined feedback-feedforward is explored using

a feedback-feedforward amplifier without the use of up-and down-conversion
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mixers. Fig. 3.6 shows the block diagram of the feedback-feedforward ampli-
fier. The total amplification in the main path is assumed to be 80 dB with an
OIP3 of 35 dBm. It is noted that if a Cartesian feedback-feedforward system
was employed, the baseband stage would have contributed to the overall gain,
which for the case of this model is assumed to be 65 dB. The total gain of
the feedfoward path is 40 dB. This also assumes an equivalent baseband gain
of 65 dB, and an auxiliary amplifier of 15 dB gain, with an OIP3 of 29 dBm.
An attenuator of -34 dB (R) and a coupler with 6 dB loss (C) is assumed in
the auxiliary path. The feedback path is assumed to have a loss of 40 dB.
Therefore, the loop gain is 100 (40 dB), which equals the net linear gain of the
feedforward path (80-34-6 dB). In this simulation, all blocks are operated at 1
GHz and for simplicity, the time delay of the feedback path is assumed to be
canceled by the phase adjustment. Initially the feedforward path is assumed
to have no phase and gain error, but those errors are examined in the following

simulation.

Fig. 3.7 shows the output spectrum of an open-loop amplifier, a feed-
back amplifier and a feedback-feedforward amplifier. The feedback amplifier
achieves about 38.8 dB IM3 improvement, which is nearly equal to the loop
gain of 40 dB. The feedback-feedforward amplifier demonstrates an additional
55.9 dB improvement in IM3 compared to the feedback amplifier. This en-

hancement is consistent with Eq. (3.11).

Fig. 3.8 shows the impact of gain and phase errors in the feedforward

path on IM3, relative to the Cartesian feedback loop. It can be observed that a
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Figure 3.6: Block diagram of the feedback-feedforward transmitter for two-
tone simulation
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Figure 3.7: Output spectrum of open-loop transmitter, feedback transmitter,
and feedback-feedforward transmitter
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Figure 3.8: Impact of gain and phase errors in feedforward path on overall
IM3

small gain error between the main path and the feedforward path could degrade
the total linearity. It should be noted however, that the gain of the feedforward
path is set by the attenuation in the feedback path (since by RC = 1/ in Fig.
3.6). In a practical implementation, S is typically achieved through the use
of passive elements, for example using resistive dividers with resistors of fixed
ratio. Therefore, even though the matching requirement between the feedback
path and the feedforward path is stringent, variation of the feedback path is
not expected to be significant. This implies that a one-time calibration may

be sufficient to align the phase and the gain of the feedforward path.
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Figure 3.9: Block diagram of the Cartesian feedback-feedforward transmitter
for system simulation.

3.4.2 Simulation Employing A WLAN 802.11b Signal

In this section, the results for system level simulation using modulation
signal are reported. The system simulation is used to mainly explore the
impact of the time delay in the feedback loop on the feedforward cancellation

of the Cartesian feedback-feedforward transmitter.

Fig. 3.9 shows the block diagram of the Cartesian feedback-feedforward
transmitter. Either a phase shifter (74, ) or a phase shifter (777) could be used
for the phase adjustment between the feedback output and the feedforward
output. The simulation uses a WLAN 802.11b signal with a data rate of 11
Mbps and QPSK modulation in CCK mode, as in [42]. A 1-pole low-pass loop
filter with 3 dB frequency of 33 MHz (3x the signal bandwidth of 11 MHz)
is employed. The main forward path and the feedforward path have separate

ideal modulators that are used to combine I/Q signals. An ideal demodulator
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is also used in the feedback path.

The main amplifier has an assumed gain of 65 dB and an OIP3 of
35 dBm. The feedback path has a loss of 40 dB. To combine the feedback
signal and the feedforward signal, a 10 dB coupler is assumed at the output.
The total feedforward gain including the coupling loss of 10 dB in the coupler
should be the reciprocal value of the total feedback gain (40 dB). Thus the
auxiliary amplifier needs a gain of 50 dB (40 dB +10 dB). The OIP3 of the
auxiliary amplifier is assumed to be 6 dB lower than the OIP3 of the main
amplifier. A time delay (71) and a time delay (75) can exist in the main forward
path and the feedback path respectively. However, in the simulation, only a
time delay (72) was considered with 77 = 0. This is the case because the time
delay (71) can be absorbed within the time delay (73) in the linearity analysis
of Cartesian feedback loop and the time delay (72) can represent the total time

delay of the feedback loop.

The phase adjustment of the feedback output and feedforward output
is only related to a time delay (72). Fig. 3.9 also shows two phase shifters that
are represented by 7, and 7¢r. These phase shifters are used to adjust the
time delay of the main feedback signal and the feedforward signal, respectively.
These two signals are used in the feedforward cancellation to compensate the

effect of .

Fig. 3.10 shows the output spectrum of open-loop transmitter, Carte-
sian feedback transmitter, and Cartesian feedback-feedforward transmitter

with no time delay (1 = 7 = 74, = 75y = 0 in Fig. 3.9). The center of the
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Figure 3.10: Output spectrum of open-loop transmitter, Cartesian feedback
transmitter, and Cartesian feedback-feedforward transmitter with no time de-
lay
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Figure 3.11: Spectrum of feedback output and feedforward output in Cartesian
feedback-feedforward transmitter with no delay

X-axis corresponds to the LO frequency of 2.412 GHz and adjacent channel
leakage (ACL) is observed at the 16.5 MHz offset [42]. As shown in Fig. 3.10, a
transmitter with Cartesian feedback alone achieves 16 dB ACLR improvement
compared to the open-loop transmitter. The Cartesian feedback-feedforward
transmitter provides an additional 13.3 dB ACLR improvement compared to
the Cartesian feedback in this simulation. Fig. 3.11 shows the spectrum of the
feedback output and the feedforward output in Fig. 3.9. As expected, the two
output spectra are seen to overlap in both adjacent channels. When these two
signals are combined at the output, the distortion products of the main am-
plifier in both output signals are canceled and the total ACLR is significantly

improved, as indicated in Fig. 3.10.
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Figure 3.12: Output spectrum of Cartesian feedback-feedforward transmitter
using the phase shifter (747) in the feedforward path for 7 = 0, 2.5 ns, and
dns
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Figure 3.13: Output spectrum of Cartesian feedback feedforward transmitter
using the phase shifter (7,) after the feedback output for 7 = 0, 2.5 ns, and
ons

Fig. 3.12 and Fig. 3.13 show the output spectrum of the Cartesian
feedback-feedforward transmitter when the time delay (72) was included in the
feedback path. As discussed in Section 3.3.3, there are two methods to compen-
sate for the feedback time delay. One is to add a phase shifter into the feedfor-
ward path. In this scheme, the phase shifter (747) in the feedforward path needs
to satisfy (2wy — ws) (12 + 74f) = 20 fro (T2 + 74f) =20N; N =0,1,2,---. An

LO frequency, fro = 2.412 GHz was employed in this simulation.

Fig. 3.12 is the output spectrum of the transmitter, which adjusts
the time delay of the phase shifter in the feedforward path, when the time
delay 1o is assumed to be 0, 2.5 ns and 5 ns. In Fig. 3.12, the ACLR of
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the transmitter with the time delay 5 ns is degraded by 15 dB, compared
to the transmitter with no time delay. Therefore, when the phase shifter is
employed in the feedforward path, the time delay in the feedback path can
limit the achievable feedforward cancellation. Another way of compensating
for the effect of the time delay (72), is to apply a delay (7y,) after the feedback
output that satisfies 74, = 72. Fig. 3.13 represents the output spectrum of the
transmitter, which employs a phase shifter after the feedback output to adjust
the time delay of the main feedback output signal. Unlike in Fig. 3.12, the
output spectrum in Fig. 3.13 is almost unchanged regardless of the feedback
time delay and the ACLR difference of the three outputs differs by about 1
dB. Based on this, we can conclude that it is useful to adjust the line delay
after the Cartesian feedback loop, shown as 7;, to enhance the effectiveness of
feedforward cancellation for broadband signals, when the feedback path may

have a large time delay.

3.5 Conclusion

In this chapter, a Cartesian feedback-feedforward transmitter is pro-
posed. The proposed approach is based on Cartesian feedback architecture
but for a given loop bandwidth, it can achieve enhanced linearity performance
by using an additional Cartesian feedforward path. The improvement in linear-
ity is analyzed using a Volterra-series based approach, and verified by means

of simulations using two-tone and modulated signal tests.

Although Cartesian feedback-feedforward can enhance the linearity
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compared to use of Cartesian feedback alone, the linearity improvement pro-
vided by feedforward is still limited by the loop characteristics. For this reason,
it is crucial to attain sufficient loop gain and bandwidth in the Cartesian loop.
If the loop gain is degraded, the error signal that is applied to the input of
the feedfoward path is increased, which causes the distortion product of the

feedforward path to increase.

The time delay of the Cartesian feedback loop is critical, both for the
stability and for the phase alignment. As discussed in Chapter 2, the time
delay can degrade the phase margin significantly, which makes it challeng-
ing to achieve the required loop bandwidth. In addition, as Section 3.4.2
shows, when the time delay in the feedback is large, the delay adjustment in
the feedforward path does not help in enhancing the linearity of Cartesian
feedback-feedforward transmitter. For this case, a suitable time delay should

be added at the feedback output.
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Chapter 4

Transmitter Prototype IC

4.1 Introduction

In the previous chapter, a Cartesian feedback-feedforward transmitter
was proposed for improving the linearity of Cartesian feedback. The proposed
technique is expected to achieve additional improvement in linearity without
increasing the loop bandwidth, which is the most challenging aspect in the
design of a Cartesian loop. The proposed design showed significant ACLR

improvement in a system simulation with high order modulation.

In this chapter!, a prototype transmitter IC for Cartesian feedback-
feedforward is presented, and the measurement results are also provided [44].
Section 4.2 describes the design of the prototype transmitter IC. After the
structure of the prototype IC is illustrated, the functions of the main design
blocks are explored. These include an I/Q up-conversion mixer, a driver ampli-
fier, an 1/Q) down-conversion mixer, an error amplifier, an op-amp, LO circuits

and an loop filter.

The proposed Cartesian feedback-feedforward architecture was imple-

!This chapter includes material from the publication : Sungmin Ock, Hyejeong Song and
Ranjit Gharpurey, “A Cartesian Feedback-Feedfoward Transmitter IC in 130nm CMOS”,
IEEE Custom Integrated Circuits Conference, pp. 1 - 4, 2015, © 2015 IEEE.
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mented using the prototype transmitter IC and several discrete components,
which is explained in Section 4.3. The test set-up and key linearity results

(e.g., ACLR comparison) are discussed in the same section.

4.2 Transmitter IC Implementation

The block diagram of the prototype transmitter is shown in Fig. 4.1.
It has two transmit paths consisting of a main signal path and a feedforward
path. The main signal path consists of an error amplifier, loop filter, up-
conversion [/Q mixer and a PA driver amplifier. The error amplifier combines
input quadrature signals and feedback signals with variable gain control. The

loop filter is implemented using external resistors and capacitors on the board.

An off-chip PA is assumed in the main signal path and its output is
coupled to the feedback path. Three LO signals are separately delivered by
the frequency divider for accurate 1/Q differential signals and the following L.O
buffer. Two off-chip phase shifters are assumed for adjusting the phases of the
feedback LO signal and the auxiliary LO signal, respectively. The feedforward
path is nearly identical except for the loop filter. An off-chip amplifier is also

assumed for feedforward cancellation.

4.2.1 Up-Conversion Mixer

Fig. 4.2 shows the schematic of the I/Q up-conversion mixer. The
designed mixer uses a transconductance amplifier to convert the input voltage

signal, applied from an off-chip low pass filter (LPF), into a current signal
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Figure 4.1: Block diagram of prototype transmitter IC with differential sig-
naling
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Figure 4.2: Simplified schematic of the up-conversion mixer

which is applied to a Gilbert active mixer [45]. Up-converted 1/Q currents are
combined at the mixer outputs and converted to voltage by an internal LC

tank.

Fig. 4.3 represents the transconductance amplifier in the up-conversion
mixer. Input pairs of the transconductance amplifier have source degeneration
resistors and op-amps to regulate the source voltages of the pairs, which lin-
earizes voltage to current conversion. Output current mirrors are implemented
by cascode stacking with self-biasing for achieving high output impedance.
Op-amps and bias currents on the differential pairs could generate substantial
DC offset, which could increase I/Q impairment, as discussed in Chapter 2.
Additional current sources for offset control are added in parallel with the bias

currents.

The internal LC tank at the mixer output is critical not only for achiev-
ing a large voltage gain but also for preventing LLO harmonic folding at the

following driver amplifier [8]. Fig. 4.4 illustrates the harmonic folding phe-

68



VCC
3T

® ® D

q
DEDI: % :|+<i DEDI: % fu<fq

To switching core of
upconversion mixer

lip Im lop lam

Figure 4.3: Simplified schematic of the input transconductance (gm) cell in an
up-conversion mixer

nomenon which increases the IM3 level at the driver amplifier output. When a
3" order LO harmonic tone is combined with 3' order distortion of the driver
amplifier, the LO harmonic term can generate additional IM3 terms both on
the desired band and on the image band, which degrades the linearity of the
driver amplifier significantly. Therefore, the mixer output needs to reject the
high order LO harmonic tones, which is typically achieved by using an LC

tank.

4.2.2 Driver Amplifier

Fig. 4.5 shows a schematic of the two stage PA driver amplifier. The

first stage is a pseudo differential amplifier with internal LC tank for the
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Figure 4.5: Simplified schematic of the driver amplifier

output load. The 2" stage is a cascode amplifier with open drain outputs,
which require careful off-chip output matching. The voltage swing of the 2"

stage output can be huge and the cascode device alleviates the reliability issue.

When the operating mode of an active MOS device transitions from
weak inversion to strong inversion, the 3'% order distortion coefficient g3 is
modified from a negative to a positive value [46, 47]. Therefore, if two active
devices are connected in parallel, with appropriate sizing, the g,,3 of the two
devices can be made equal in magnitude but opposite in polarity, to reduce
the total g,,3. This is called the derivative superposition method for enhancing
the small signal linearity [48, 49]. Fig. 4.6 shows typical g,,3 plots of the two
devices used in derivative superposition. If M1 is biased in the weak inversion
region with low Vg, and M2 is biased in the strong inversion region with
high Vi, the total third-order distortion coefficient (g,,3) can be significantly

reduced. This approach is employed for linearizing the driver amplifier (Fig.
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Figure 4.6: The g,,3 characteristics of two devices in parallel used for derivative
superposition

4.5).

4.2.3 Down-Conversion Mixer

Fig. 4.7 shows the schematic of the I/Q down-conversion mixer in the
feedback path. As addressed in Chapter 2, the linearity of the feedback path
is critical for the Cartesian feedback loop. To achieve high linearity, unlike

an 1/Q up-conversion mixer using an active switching stage, this 1/Q mixer
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Figure 4.7: Simplified schematic of the I/Q down-conversion mixer in the
feedback path

is composed of a passive switching stage and an output buffer [50]. Input
series resistors in the mixer (Rge, in Fig. 4.7) help to improve input matching
and achieve high linearity because they appear in series with the ON state

switches, thereby reducing the nonlinearity of the overall on-state resistance.

The output buffer applies the down-converted signal current to the
error amplifier. The cascode devices of the buffer are biased by associated op-
amps that provide low input impedance for achieving a better virtual ground.
When the passive mixer is operated, the input impedance of the output buffer
can be observed at the mixer input at RF, with frequency translation. Fig.
4.8 shows impedance transformation in passive mixers [10]. When the buffer
has an input impedance of Zgp_;n (w) and the 1/Q passive mixer has the

switch resistance of Rgw_on, the input impedance of the passive mixer can
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[10]

be approximated by

Zrp-in (W) =~ Rsw_on +

2
) (Zpp—in (w—wro) + Zp_1n (W4 wro))

(4.1)

Therefore, the baseband impedance is up-converted to +wro frequency.
If the baseband input impedance is assumed to have a low pass characteristic,

the mixer input impedance can have a band pass response at RF.

This input impedance can help to attenuate various interferers in a re-

ceiver, and it has been proposed for avoiding a SAW filter in narrow band
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receivers [51]. However, in the Cartesian feedback loop, the narrowband
impedance response could also reduce the overall loop bandwidth, which
should be avoided. In addition, in order to reduce the flicker noise and the DC
current mismatch of the output buffer, the output buffer may require the use
of large devices with substantial capacitance, which could degrade the pass

bandwidth of the effective input impedance.

4.2.4 FError Amplifier

Fig. 4.9 shows a simplified schematic of the error amplifier. The error
amplifier is composed of an input transconductance amplifier, a current-mode
variable gain amplifier (VGA), and a current-to-voltage converter [52]. The
input transconductance stage is similar to that of the up-conversion mixer
except for the use of NMOS input pairs. The converted input current and
the output current of the feedback mixer are fed to the current-mode VGA
with opposite polarity. The current-mode VGA controls the amount of current

entering the voltage converter.

4.2.5 Op-Amp

As previously described, the error amplifier, up-conversion mixer, and
down-conversion mixer use op-amps to regulate source voltages of input dif-
ferential pairs and cascode devices, which enable attenuation of the distortion
terms generated in them. The op-amps employed need to meet requirements

for 1) sufficient loop gain and bandwidth, 2) low DC offset, and 3) low power
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Figure 4.10: Simplified schematic of op-amp

consumption.

Fig. 4.10 is a schematic of an op-amp based on a conventional folded
cascode design [53]. For NMOS input pairs, careful device sizing is required,
that considers the input capacitance, the transconductance g,,, and the DC
offset. Due to the use of a cascode current mirror and low power consumption,
the output impedance of the mirror could become large. This could increase
DC gain, but would also degrade the stability. To provide the desired stability,
suitable output pole and zero, adjusted by C,, and R, respectively, are needed.
In addition, for the op-amps that need to support high DC voltage at the
output, a PMOS output buffer is added to level-shift the output to the required

DC bias.

Fig. 4.11 illustrates a typical Bode plot of the op-amp when a load

capacitance of 1 pF is assumed. The design has a DC gain of 52 dB and a
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Figure 4.11: Bode plot of the op-amp

unity gain bandwidth of 136 MHz with sufficient phase margin of 84°, and a
gain margin of 23.5 dB, respectively. Each op-amp consumes a DC current of

450 pA, without including the DC current of the PMOS output buffer.

4.2.6 LO Divider and Buffers

The transmitter requires quadrature LO signals for each I/Q mixer but
the prototype IC is driven by differential LO signals provided from off-chip
baluns and signal generators. If the differential LO signals are well matched
in terms of amplitude and phase, polyphase filters are good candidates for
generating 1/Q signals because they incur no power dissipation and exhibit
acceptable phase accuracy [54]. However, due to mismatches caused by the

package bonding and balun, the differential LO signals can have substantial
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Figure 4.12: Simplified schematic of the LO divider and buffers

imbalance of amplitude and phase. For this reason, a frequency-divider was

employed for quadrature signal generation.

Fig. 4.12 displays the designed LO divider and the following buffers.
The frequency divider is implemented using two CML based latches with a neg-
ative feedback connection [55]. It can provide correct quadrature LO signals
delivered to following LO buffers. It should be noted that the load resistance
of Ry must be carefully chosen, considering the LO frequency, the effective

impedance of cross-coupled pairs, and the DC voltage drop.

79



/ /

N
=]
T

Loop Gain(dB)
/

a

S
T

/
/

-y
3

10° 1010

=)

w
3

>
3k

)
=5

>
4
=

o

N
S
T

A
S
T

&
3
T

Phase(degree)

®
S
T

g

Figure 4.13: Comparison of 1-pole low pass filter and phase lag compensation
filter

80



edforward RF path

Figure 4.14: Die photo of the prototype transmitter

4.2.7 Loop Filter

The loop filter of the prototype transmitter IC was implemented using
off-chip RC components. Fig. 4.13 shows a conventional 1-pole RC filter and
the applied phase lag compensation filter [39]. The conventional 1-pole loop
filter has the maximum phase lag of 90°, but in the phase lag compensation
filter, the maximum phase lag is determined by the spacing of the dominant
pole of 1/w (Ry + Rs) C and the zero of 1/wRyC. When the zero is getting
close to the dominant pole, both the phase lag and the stop band attenuation

will be reduced, which requires proper selection of the zero.
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4.3 Measurement Setup and Results

4.3.1 Measurement Setup

The prototype transmitter was fabricated in a 0.13 um CMOS technol-
ogy and has a die area of 2.4 mmx2.4 mm (Fig. 4.14). The chip is packaged in
a 10 mmx10 mm QFN package. The main path and the feedforward path are
symmetrically placed in the layout. Table 4.1 shows a performance summary
of the prototype IC. The signal path has power dissipation of 81.4 mW and
the LO path consumes 51.7 mW.

Table 4.1: Prototype IC performance summary

Technology 0.13 pm CMOS
Die Area 2.4 mm x2.4 mm
Package Type 10 mmx10 mm QFN package
RF Frequency 2400 MHz
LO Frequency 4800 MHz
Supply Voltage 1.1V
Baseband and feedback : 23.1mW
Power Consumption Main and feedforward RF : 58.3 mW
LO : 51.7 mW

Fig. 4.15 shows the measurement set-up for the Cartesian feedback-
feedforward architecture. The test board is shown in Fig. 4.16. For the main
transmit path, two discrete RF amplifiers are cascaded to deliver high power.
These cascaded amplifiers have a small-signal gain of 26 dB and an output
P1dB of 19 dBm. The feedforward path also uses discrete amplifiers with a
total gain of 25 dB and a lower P1dB of 14.5 dBm. For the feedback path, a
20 dB coupler and a variable attenuator with maximum attenuation of 21.5

dB are employed.
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Figure 4.16: Test board

To combine the output of the feedback transmitter and the output of
the feedforward path, a 10 dB passive coupler is employed, which attenuates
the signal in the feedforward path by this amount. Three LO signals are
derived by splitting the signal from an external source using a three-way power
divider. Two discrete phase shifters are employed to control the phases of the
LO signals in the feedback and auxiliary paths. The RF output frequency
is 2.4 GHz. Output spectra of three transmitter structures are measured at
the output of the 10 dB coupler. The discrete amplifiers, combined with the
external passive components, including combiners and cables, increase the time
delay of the Cartesian feedback loop, which limits the achievable bandwidth

of the loop.
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Figure 4.17: Measured output spectrum of open-loop transmitter and Carte-
sian feedback transmitter using 16-QAM LTE signal with 1.4 MHz bandwidth

4.3.2 Measurement Results

Fig. 4.17 shows the output spectrum of the open-loop transmitter
and Cartesian feedback transmitter for a 16-QAM LTE signal with 1.4 MHz
bandwidth. Fig. 4.18 shows the output spectrum of the open-loop transmitter
and the Cartesian feedback-feedforward transmitter when the same signal is
employed. Table 4.2 shows the channel power and ACLR results of three
transmitter configurations. The open-loop transmitter has an output power of
17.3 dBm, while the Cartesian feedback and Cartesian feedback-feedforward

transmitters have output power levels of 16.7 dBm and 16.6 dBm, respectively.

In the open-loop transmitter, the ACLR of the low-side adjacent chan-
nel is 23.8 dBc. The Cartesian feedback transmitter has an ACLR of 29.2
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Figure 4.18: Measured output spectrum of open-loop transmitter and Carte-
sian feedback-feedforward transmitter using 16-QAM LTE signal with 1.4 MHz
bandwidth

dBc and the Cartesian feedback-feedforward transmitter has an ACLR of 33.9
dBc. The ACLR of the high-side adjacent channel also has similar results for
the three transmitter configurations. If the IM3 relation of two-tone signals is
employed to compensate for the difference in the output channel power of the
three transmitter configurations, the corrected ACLR of the open-loop trans-
mitter and Cartesian feedback transmitter is approximately 25.2 dBc and 29.4
dBc, respectively, for an output power of 16.6 dBm. Under this assumption,
while the Cartesian feedback transmitter achieves an ACLR improvement of
4.2 dB, the Cartesian feedback-feedforward transmitter shows nearly 8.7 dB

ACLR improvement, compared to the open-loop configuration.
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Table 4.2: Measured channel power and ACLR of three transmitters

i Low-side High-side

Aitoetioe | (@bmy | ACLR | ACLR

(dBe) (dBc)

Open—lf)op 173 238 "
transmitter
Cartesian

feedback 16.7 29.2 29.9
transmitter
Cartesian
feedback-

feedforward 16.6 33.9 33.8
transmitter

Table 4.3 compares this work with other Cartesian feedback transmit-
ters previously reported for linearizing off-chip PAs. Even though the loop
bandwidth of this proof-of-concept implementation is limited by the use of
off-chip components and cables that were necessitated by the test set-up, it
achieves better signal bandwidth with the exception of [5], which employed
phase compensation in the loop. It should be noted that the goal of this
design is to demonstrate linearity enhancement provided by Cartesian feed-
forward, when combined with Cartesian feedback. Thus, by combining the
approach with techniques such as [5], linearity improvement can be further

extended over a wider bandwidth.

4.4 Conclusion

In this chapter, a prototype transmitter IC using 0.13 gm CMOS tech-

nology is presented to demonstrate the Cartesian feedback-feedforward archi-
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Table 4.3: Comparison with other Cartesian feedback transmitters using an
off-chip PA

ACLR
Reference Freq. Pout BW Suppression
(MHz) | (dBm) | (MHz) (dB)
This work | 2400 16.6 14 8.7
[7] 900 26.6 0.4 15
5] 2000 | 15 10 8.2
6] 2000 20 0.2 18

tecture. The transmitter IC consists of two forward paths, a feedback path,
and quadrature LO circuits for all paths. In the forward path, the matching
of I/Q channels is highly critical. The DC offset in the error amplifier and the
input stage of the up-conversion mixer should also be minimized. In the feed-
back path, high linearity of the down-conversion mixer needs to be ensured.
LO circuits are required to provide balanced quadrature signals for all signal

paths.

From measurements, Cartesian feedback-feedforward architecture
achieves a linearity improvement of 8.7 dB, compared to an open-loop trans-
mitter configuration, for a 16-QAM LTE signal with 1.4 MHz bandwidth. In
this work, achievable bandwidth performance of the transmitter is determined
by the Cartesian feedback loop, while feedforward is employed to further en-
hance linearity over that achieved through the use of feedback alone. As
mentioned in Section 4.3, if the proposed architecture is combined with band-
width enhancement techniques in a Cartesian feedback loop, it could improve

the linearity further over a wider signal bandwidth.
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Chapter 5

Modified Cartesian Feedback-Feedforward
Transmitters

5.1 Introduction

In the previous chapter, a Cartesian feedback-feedforward transmitter
was demonstrated that employed a prototype transmitter IC and off-chip com-
ponents. This combination exhibited significant ACLR improvements when a
modulated signal with 1.4 MHz bandwidth was employed. The achievable lin-
earity improvement is primarily governed by the loop gain of the Cartesian
feedback. To improve the linearity of Cartesian feedback-feedforward, higher

loop gain and wider bandwidth for the Cartesian feedback loop is required.

Although several approaches for increasing Cartesian loop bandwidth
have been proposed, it continues to be a challenging problem, especially for lin-
earization of external, off-chip PAs. Thus, methods for improving the linearity
of Cartesian feedback-feedforward, without requiring improved loop parame-

ters are highly desirable.

In this chapter, techniques for improving the linearity of Cartesian
feedback-feedforward with a given loop bandwidth are explored. Section 5.2

briefly discusses the linearity limitations due to the loop gain and efficiency
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requirement. Based on the discussion in Section 5.2, Section 5.3 explores two
modified Cartesian feedback-feedforward architectures intended to enhance the

linearity further.

5.2 Linearity and Efficiency Limitation

When an off-chip PA is linearized using Cartesian feedback, the feed-
back loop can have a large time delay that can restrict the loop gain-bandwidth
(GBW) severely [5]. If the loop gain is reduced to improve the stability, the
linearity improvement of the Cartesian feedback is also degraded. Moreover,
the reduced loop gain can increase the error signal of the loop, implying that
the Cartesian feedforward would be required to transmit a stronger signal that

would lead to larger distortion accordingly.

If the feedforward path is highly linear, the distortion terms generated
will be negligible. However the power consumption of the feedforward path
should be minimized for overall power efficiency, which can limit the linearity
of the feedforward path. For example, the main PA and the auxiliary amplifier
are assumed to be Class A amplifiers with a drain power efficiency of 45% at
OP1dB. Based on the power consumption of the prototype transmitter 1C pre-
sented in Table 4.1 of Chapter 4, the main transmit path and the feedforward
transmit path are assumed to consume (23.1 mW + 58.3 mW) /2 = 40.7 mW
equally. In the open-loop condition, in order to transmit an average power
of 23 dBm, the main PA is assumed to have OP1dB of 26 dBm with a 3 dB

back-off. Then, the expected power efficiency of the open-loop transmitter
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would be 199.5 mW/ (884.7 mW + 40.7 mW') x 100 % = 21.6 %.

With Cartesian feedback-feedforward, we assume that the main PA is
required to meet OP1dB of 24 dBm with only 1 dB back-off. If the auxiliary
amplifier has an OP1dB of 20 dBm (4 dB lower than OP1dB of the main
PA), the overall power efficiency of Cartesian feedback-feedforward can be
199.5mW/ (558.2 mW + 2 x 40.7 mW + 222.2 mW) x 100% = 23.2%. In this
condition, Cartesian feedback-feedforward can enhance the power efficiency
only by 1.6%. The enhancement is limited mainly due to the power dissipation

of the feedforward path.

Therefore, it is critical to reduce the power consumption of the feed-
forward path, for improving the power efficiency with Cartesian feedback-
feedforward. In the above example, if the auxiliary amplifier only needs to
have an OP1dB of 14 dBm, which is 6 dB lower than OP1dB assumed above,
the overall power efficiency could be 28.7 % which would be a significant im-
provement. However, when the power consumption of the feedforward path is
reduced, its overall linearity will be also degraded. This could cause substantial

distortion products from the large error signal.

Fig. 5.1 illustrates the block diagram of the architecture employed
for system simulation to study the impact of the reduced loop gain and the
degraded linearity of the auxiliary amplifier. Most of the blocks and signals are
the same as those used in the system simulation shown in Fig. 3.9 of Chapter
3. In the feedback loop, the gain of the main amplifier is reduced from 65
dB to 62 dB which decreases the inband loop gain by 3 dB. Then, the 3 dB
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Figure 5.1: Block diagram of Cartesian feedback-feedforward transmitter for
system simulation.

frequency of the loop filter is also decreased from 33 MHz to 11 MHz, which
diminishes the loop gain in the adjacent bands. In the feedforward path, the
OIP3 of the auxiliary amplifier is reduced from 29 dBm to 23 dBm. While
the time delay (71) in the main forward path is assumed to be zero, the time
delay (72) in the feedback path is assumed to be 2.5 ns. Then, the time delay
(745) of the phase shifter at the Cartesian feedback output is set to be 2.5 ns

to satisfy 7y, = 7o.

Fig. 5.2 shows the output spectrum of the open-loop, Cartesian feed-
back, and Cartesian feedback-feedforward transmitters. As described in Chap-
ter 3, the center frequency of the X-axis corresponds to 2.412 GHz. The Carte-
sian feedback transmitter improves ACLR by 9.4 dB, compared to the open-
loop transmitter. The Cartesian feedback-feedforward transmitter achieves

only 4 dB ACLR improvement over the Cartesian feedback alone. Compared
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Figure 5.2: Output spectrum of the open-loop transmitter, Cartesian feedback
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with Fig. 3.10 of Chapter 3, the ACLR improvement of both Cartesian feed-
back transmitter and Cartesian feedback-feedforward transmitter in Fig. 5.2
are significantly degraded due to the smaller loop gain and the relatively poor

linearity of an auxiliary amplifier.

Fig. 5.3 exhibits the spectrum of the feedback output and the feed-
forward output respectively. Compared to Fig. 3.11, the feedforward output
signal at the main channel is increased due to the 3 dB reduction of the in-
band loop gain. In addition, the feedforward output spectrum typically needs
to overlap with the feedback output spectrum on both adjacent channel bands
for cancellation, but the feedforward output spectrum in Fig. 5.3 shows smaller
ACL than does the feedback output spectrum. This mismatch implies that
the distortion products of the feedforward path cannot cancel the distortion
signal produced by the Cartesian feedback. This is because the increased error
signal and the lower linearity of the auxiliary amplifier generate more distor-
tion products. Therefore, the additional distortion terms of the feedforward
chain increase the distortion mismatch between the feedforward and feedback
outputs. This deteriorates the improvement provided by feedforward cancel-

lation.

5.3 Modified Cartesian Feedback-Feedforward Trans-
mitters

Two techniques are explored below to enhance the linearity of the Carte-

sian feedback-feedforward transmitter for a given set of loop parameters.
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5.3.1 Cartesian Feedback-Feedforward with Signal-Bleed Path

This technique for RF feedback-feedforward was explored previously in
[31, 32] and it can also be applied to Cartesian feedback-feedforward. Fig.
5.4 shows the block diagram of the modified Cartesian feedback-feedforward
transmitter with a signal-bleed path. When a proper signal is added to the
Cartesian feedback through the bleed path, the error signal does not need to
support the entire signal for the forward path, which reduces the error signal.

Signal-bleed path

»
>

VYV

Loop filter Main Amplifier

| \ | Vout
(;% > —(+)—
M\ |

Main modulator

’ j ) Feedback gain
) KRR

Feedback demodulator

15

Feedforward modulator

| channel —¢

Q channel

e

Auxiliary
Amplifier

Figure 5.4: Modified Cartesian feedback-feedforward with a signal-bleed path

Fig. 5.5 shows the simplified model of feedback-feedforward system
with a signal-bleed path. The model looks similar to Fig. 3.2, but Fig. 5.5
also considers several time delays, corresponding phase shifters, a loop filter,

and a signal-bleed path.
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Figure 5.5: Feedback-feedforward model with the signal-bleed path
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In Fig. 5.5, A(s) and B (s) represent transfer functions of the main am-
plifier and the auxiliary feedforward amplifier, respectively. G (s) symbolizes
the transfer function of the new signal-bleed path. The distortion products
arising from the three paths can be represented as additive errors Dy (s),

Dg (s), and D¢ (s). Here, 8 denotes the linear and memoryless feedback gain.

Unlike Fig. 3.2, here, all three paths are assumed to have time delays,
that are given by 7y, 7o, and 73, respectively. Two phase shifters (e~* and
e *7rv) are added at the feedback input and the feedback output, to adjust the

overall phase mismatch. The loop filter is separately denoted as L(s).

The feedback output Yrp (s) and the error signal F (s) are given by

A(s)e ™™ [L(s)e "™ 4+ G (s)]
[T L(s) A(s) fotm ()
DA (S) =+ DG ( ) A (S) e 5T
1+ L (s) A(s) pems(nt7)

YFB (8)

(5.1)

e — G (s
1+ L(s)
Be—srg [DA
1+ L

E(s) =

A( )63_8 (T1+72)
(5) Be—s(r+m) X (s)
s)+ D¢ (s) A(s) e*™]
5) A(s) fems(ntm)

Am\/

—~

(5.2)

From Eq. (5.2), if the phase shifter at the feedback input has the

time delay of 7, = (7 + 72) and the signal-bleed gain G (s) is the inverse
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of the loop gain as G (s) = 1/A(s) 3 , then the error signal E (s) has only
distortion terms and the input signal for the main amplifier A (s) is provided
by the signal-bleed path. In addition, typically A (s)f < 1 and G (s) would
be provided by the passive type attenuators that can be assumed to have no

distortion (D¢ (s) = 0). Therefore, the error signal E (s) can be expressed as

_66_57—2
1+ L (5) A(s) fesmim)

E(s) = Da(s)

(5.3)

When the error signal is applied to the input of the feedforward path,
the feedforward output Yrr (s), and the phase shifted feedback output Yepgs ()

are given by

—B (S) 5678(7'2%'3)

Yrr(s) = L) A 5€—S(T1+72)DA (s)+ Dp(s)e™*™
(5.4)
A(s) e () (L (s)e™ + G (s
Vem() = SO G A[(s)( T X
N Dy (s)e s
1+ L(s)A(s)pesntm)
(5.5)

Then, total output Yrorar (s) is given by
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Yrorar (s) = Yrpa(s)+ Yrr(s)
A(s)e () [L () e + G (s)]
1+ L(s)A(s)Besntn)
e~ — B (s) Bes(r+m)
TFL(3) A(s) pestmrm 4 )
+ Dp(s)e™™

X (s)

(5.6)

In the total output signal Yrorar (s), when the feedforward amplifier
B (s) has a gain of 1/8 and the phase shifter at the feedback output has a
time delay of 74, = (72 + 73), the distortion term of D, (s) is canceled and
the distortion term of Dg (s) generated by the auxiliary amplifier is the only
remaining distortion term. Now the error signal F (s) only contains the distor-
tion output of the main amplifier, while the resulting distortion output of the
feedforward amplifier D (s) can be made very small. In addition, the total

output signal Yrorar (s) can be simplified as

Als) emsmrmtm) [ (s) emsnim) 4 L] X (s)
1+ L(s)A(s)Besntn)
+ Dp(s)e™™

Yrorar (s)

(5.7)

Fig. 5.6 represents the system simulation of the Cartesian feedback-

feedforward transmitter with the signal-bleed path. Components and time
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Figure 5.6: Block diagram of Cartesian feedback-feedforward transmitter with
the signal-bleed path for system simulation

delays are the same as in the prior simulation shown in Fig. 5.1, except for the
addition of the signal-bleed path and the additional phase shifter (7). Based

on the above analysis, the equivalent time delay (7) of the phase shifter at the

baseband input should be matched to the overall loop delay, (71 + 75) = 2.5ns.

Fig. 5.7 displays the output spectrum of the two Cartesian feedback-
feedforward transmitters with and without a signal-bleed path. The proposed
architecture with a bleed path achieves a further 16 dB ACLR enhancement,
compared with a normal Cartesian feedback-feedforward transmitter. Fig. 5.8
represents output spectrum of the feedback path and the feedforward path, in
the Cartesian feedback-feedforward with the signal-bleed path. The feedfor-
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Figure 5.7: Output spectrum of Cartesian feedback-feedforward transmitter
with/without the signal-bleed path

ward output spectrum power level in the main channel band can be seen to
be as small as that in adjacent channel bands, indicating that the remaining

inband signal of the feedforward output would be mostly distortion terms and

noise.

Although this approach can greatly improve linearity without the need
for enhanced loop bandwidth, it appears to pose an implementation challenge
for G (s). From above equations, G (s) needs to equal the inverse of loop gain
1/A (s) 5 regardless of its variation. While the feedback gain § is the passive
component with small variation, the main amplifier A (s) can vary significantly
due to PVT and the output power level. Therefore, in order to make G (s)

equal 1/A (s) 5 over time, a digitally assisted adaptation mechanism would be
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Figure 5.8: Spectrum of feedback output and feedforward output in Cartesian
feedback-feedforward transmitter with the signal-bleed path

needed.

Fig. 5.9 illustrates the proposed Cartesian feedback-feedforward archi-
tecture with a digital signal-bleed generator. The digital signal-bleed generator
detects the error signal and provides a suitable bleed signal into the main for-
ward path. This implementation looks similar to Fig. 2.18 [7], but while
the bleed signal in [7] includes a predistortion signal, the bleed signal of the
proposed digital signal-bleed generator is the attenuated inband signal, and
the distortion signal for compensation is mainly provided by the Cartesian

feedforward path.
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Figure 5.10: Modified Cartesian feedback-feedforward with high pass filters

5.3.2 Cartesian Feedback-Feedforward with High Pass Filters

In the previous section, the signal-bleed path provides the required
in-band signal for the Cartesian loop, and the error signal contains only the
distortion products and noise. However, in the Cartesian feedback-feedforward
transmitter even without the signal-bleed path, if the in-band portion of the
error signal is filtered out before the Cartesian feedforward input, the Cartesian
feedforward path can transmit a reduced amount of error signal, which could

reduce the distortion products generated by the Cartesian feedforward chain.

Fig. 5.10 shows the proposed Cartesian feedback-feedforward transmit-

ter. It includes additional high pass filters at the Cartesian feedforward inputs
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Figure 5.11: Block diagram of the Cartesian feedback-feedforward transmitter
with high pass filters for system simulation

that can suppress the error signal in the main channel band, while distortion
terms in adjacent channels are allowed through. Unlike the signal-bleed tech-
nique, high pass filters would only be able to curtail a certain amount of the
error signal near DC. However, this filtering can help to reduce the distortion
terms of the Cartesian feedforward path significantly, because most digital
modulation signals have substantial power around DC. In addition, while the
signal-bleed technique would need real time adjustment due to variation in the
PA, this scheme does not need to track real-time variation of the Cartesian

loop.

Fig. 5.11 illustrates system simulation blocks of the proposed trans-
mitter with high pass filters. All components and time delays are the same as

in Fig. 5.1, except for the high pass filters. A high pass filter is assumed to
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Figure 5.12: Output spectrum of the Cartesian feedback-feedforward trans-
mitter with/without high pass filters in the feedforward path

be a simple biquad filter of the transfer function, as shown in

(5.8)

where w, = 21 x 2 M Hz and Q=0.5.

Fig. 5.12 represents the output spectrum of two Cartesian feedback-
feedforward transmitters with and without high pass filters in the feedforward
path. The proposed transmitter with high pass filters achieves an additional
11.3 dB ACLR improvement, compared with the normal Cartesian feedback-

feedforward transmitter. Fig. 5.13 shows the output spectrum of the feedback
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Figure 5.13: Spectrum of feedback output and feedforward output in Cartesian
feedback-feedforward transmitter with high pass filters

loop and the feedforward path, in the Cartesian feedback-feedforward trans-
mitter with high pass filters. While both distortion signals in adjacent channels
appear similar, the feedforward output signal is filtered out around the center

frequency as expected, which can improve the overall linearity, as shown in

Fig. 5.12.

5.4 Conclusion

With the Cartesian feedback-feedforward architecture, the Cartesian
feedforward chain needs to provide only the distortion products of the Carte-
sian feedback path for cancellation at the output. However, the error signal of

Cartesian feedback includes both in-band signal in the main channel band and
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distortion signals in the adjacent channel bands. When the loop gain of the
Cartesian feedback is small, this error signal can generate substantial distor-
tion products in the feedforward path due to its non-linearity. In this chapter,
two modified architectures were presented to reduce the in-band signal at the
feedforward input, without increasing the loop bandwidth. Reduction of the
in-band signal helps to curtail creation of further distortion products by the
Cartesian feedforward path. For a given overall linearity, the linearity require-
ment of the Cartesian feedforward path can thus be relaxed. This makes it
possible to reduce the power dissipation in the transmitter path, which in turn

enhances efficiency.

The first technique employs a signal-bleed path that is applied to the
main forward path to remove the desired signal terms in the error signal. If the
digital computational power supports real time calibration of the signal-bleed
path, this can be a feasible approach for significantly improving the overall
linearity for a given loop bandwidth. The second technique is to add high pass
filters in the Cartesian feedforward chain, which can also achieve significant
improvement of linearity, because high pass filters can partially attenuate the

in-band portion of the error signal.
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Chapter 6

Conclusion

6.1 Dissertation Summary

Linear, efficient transmitter architectures are essential for enabling fu-
ture advances in mobile wireless systems with regards to data rates, power
efficiency and co-existence. In this dissertation, transmitter architectures for
enhancing linearity were explored, and a Cartesian feedback-feedforward trans-
mitter was proposed. It was demonstrated to be a suitable candidate for im-

plementing highly linear wireless transmitters.

In Chapter 2, prior transmitter configurations were surveyed, includ-
ing feedforward, DPD, and feedback. Feedforward architectures can linearize
broadband signals without stability concerns but these involve several imple-
mentation challenges due to real time variation of both signal paths, and due
to the need for discrete passive components. As CMOS technology has ad-
vanced, DPD is becoming increasingly popular in mobile systems. Cartesian
feedback and RF feedback, on the other hand, can achieve acceptable linear-
ity improvement without requiring excessive digital computing power. Their
performance is primarily limited by the achievable loop bandwidth. It would

be challenging to apply a feedback-based architecture to a high-end wireless
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transmitter to support a wide signal bandwidth.

In Chapter 3, a Cartesian feedback-feedforward architecture was intro-
duced and analyzed. In the proposed configuration, a Cartesian feedback loop
is combined with a Cartesian feedforward path that can achieve additional
linearity improvement by canceling the distortion products of the main for-
ward path in the loop. An additive linear model and two-tone analysis using
a Volterra series, are used to illustrate the enhancement in linearity enabled
by the architecture. The linearity improvement of the proposed architecture,
compared to an open-loop transmitter and a Cartesian feedback transmitter,

is demonstrated using system simulations with a modulated signal.

In Chapter 4, the prototype transmitter IC that is used to demonstrate
the Cartesian feedback-feedforward architecture is described. The transmitter
IC was implemented in 130 nm CMOS and consisted of two transmitter paths
(the main forward path and Cartesian feedforward path) and a down-converter
chain for the feedback path. The Cartesian feedback-feedforward architecture
was tested using the prototype IC and several off-chip components. When a
high order digitally modulated signal was applied, the test exhibited substan-

tial ACLR improvement.

In Chapter 5, two modified architectures for enhancing the linearity of
Cartesian feedback-feedforward transmitter even further were described, along
with corresponding system simulations. The first technique that uses a signal-
bleed path could be an adequate approach, if an adaptive bleed signal can

be generated to take into consideration PVT variations. This would require
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the use of an efficient digital signal processor. The second technique using
high pass filters could also achieve considerable linearity enhancement while

avoiding the requirement for a digital signal processor.

6.2 Future Research

Cartesian feedback-feedforward offers a promising approach for enhanc-
ing the linearity of wireless transmitters. However future research is needed

to further enhance the robustness and performance of the design.

It is necessary to explore reliable calibration techniques to ensure phase
and gain matching of the feedback path in the Cartesian loop and the feed-
forward path to achieve correct cancellation. Although the feedback path is
relatively insensitive to PV'T variations, since it uses passive components, the
feedforward path is composed of active components that can exhibit substan-
tial variation in performance. Ensuring a constant loop performance requires

that these variations be monitored and adjusted regularly.

In the face of restricted loop bandwidth, out-of-band noise emissions
of the Cartesian feedback transmitter can increase [56]. Thus approaches that
not only cancel in-band and adjacent channel distortion, but also reduce the

out-of-band noise would be very useful.

Finally, combinations of the feedback-feedforward approach with dig-
ital calibration and pre-distortion can be studied for further enhancement of

system linearity and bandwidth.
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