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SUMMARY

The objective of this research is to investigate the design challenges of high-ef�ciency

broadband power ampli�ers (PAs) using silicon germanium (SiGe) heterojunction bipolar

transistor (HBT) and establish design methodologies to address these challenges.

Broadband ampli�cation with high ef�ciency is becoming crucial for emerging wireless

broadband applications such as 5G/6G wireless communications, secured military/satellite

communications, phased array radars, and high-resolution imaging. To support the system-

level requirement for low cost and high integration capability, SiGe HBT PAs can be a

viable solution.

To overcome the inherent ef�ciency and output power (POUT ) limitations of conven-

tional distributed ampli�ers for wideband applications, one part of this research provides

two design examples of SiGe HBT non-uniform distributed power ampli�er (NDPA) and

develops novel and systematic design approaches to improve ef�ciency over a wide band-

width (BW).

To meet the demand for highly ef�cient PAs with higher peak-to-average power ratio

(PAPR) and wider channel BW for modern 5G NR-U/WLAN applications, this research

also establishes the design equations and guidelines for four types of series-combined trans-

former (SCT)-based Doherty output networks and provides a design example of SiGe HBT

SCT-based Doherty PA for higher power back-off (PBO) ef�ciency enhancement. The

contributions of this work are summarized as follows:

1. The design of 18–50 GHz Millimeter-wave (mm-wave) SiGe HBT NDPA: Main de-

sign challenge of mm-wave Si-based NDPAs is the implementation of high characteristic

impedance (Z0) output transmission line (TL) over wide BW. To address the challenges,

multi-section lumped element arti�cial TL is proposed, and the highestZ0 of 100 
 was

successfully realized for the 1st and 2nd stages without any penalty on BW, which helps

increase the number of stages in the NDPA for increasing gain and Pout. This work was

xv



presented in IEEE BiCMOS and Compound Semiconductor Integrated Circuits and Tech-

nology Symposium, November 2020 [1].

2. The design of 2–24 GHz SiGe HBT NDPA using a wideband output impedance

transformer: A novel, compact, wideband two-section lumped element output impedance

transformer is proposed to lower the output load impedance from 50 to 25 to further in-

creasePOUT and ef�ciency of the NDPA. This work was presented in IEEE MTT-S Inter-

national Microwave Symposium, June 2021 [2], and published in the IEEE Transactions

on Microwave Theory and Techniques, July 2022 [3].

3. BW and size analysis for four types of SCT-based Doherty output networks and the de-

sign of 6–7 GHz SCT-based SiGe HBT Doherty PA: Intuitive, novel approaches to analyz-

ing the four-types series Doherty combiners are proposed with closed-form design equa-

tions based on practical equivalent circuit models. Numerical analysis is performed not

only to �nd the maximum achievable BWs and their dominant factors, but also to estimate

the size of the combiners. Based on this approach with an adaptive bias circuit, a broad-

band SiGe HBT Doherty PA is designed and demonstrated high back-off ef�ciency and

Watt-level high power characteristics. This work has been submitted in IEEE Transactions

on Circuits and Systems I: Regular Papers.
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CHAPTER 1

INTRODUCTION

1.1 RF/Millimeter-wave Broadband Wireless Systems

Broadband wireless system has been attractive in many applications such as high-speed

data communications, electronic warfare, optoelectronics, and instrumentation system [4].

Recently, the wideband phased array systems are being great interest in frequency-agile

phased array radars, high resolution imaging system, the �fth-generation new radio (5G

NR) communication and secured military/satellite communications.

Diverse frequency spectrum from radio frequency (RF) to millimeter-wave (mm-wave)

is being considered and/or exploited for these wireless platforms: sub-7 GHz and mm-

wave regime (24–30, 37–50, 64–71 GHz) for 5G NR, C- to W-band (4–110 GHz) for

imaging system and radar, K-/Ka-/Q-bands (18–50 GHz) for military communication [5].

Particularly, low earth orbit and geostationary earth orbit satellite communications at Ku-

/Ka-bands (12–40 GHz), referred to as SATCOM [6]-[7], is being spotlighted for its global

wireless connectivity. To seamlessly cover the widely separated frequency bands, the de-

velopment of broadband RF/mm-wave transceiver is a key part to build such system ar-

chitectures. Wide bandwidth (BW) is one of the important criteria, which determines the

system's ability to transfer high-data-rate information, transmit/receive short pulses, and

process wide-band signals. Low cost and high integration capability are also critical factors

to construct the large-scale phased arrays, which requires from hundreds to thousands of

transmit and receive (TRX) components. To support such requirements, Si-based technolo-

gies can be an excellent choice over III-V technologies with regards to cost-effectiveness

and system level integration [8].
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1.2 RF/Millimeter-wave Si-based Broadband Ampli�cation

Power ampli�er (PA) is a key component of Si-based transmitter to amplify signals over

broadband. A distributed power ampli�er (DPA) is a well-known topology to achieve per-

formance over a decade bandwidth (e.g. 2–20 GHz), and accomplishes this by absorbing

the input and output capacitance of the active devices into their corresponding input and

output transmission lines (T/Ls). Due to its uniform 50
 con�guration, however, output

power (Pout ) and ef�ciency of the DPA inevitably suffers from several effects, such as non-

optimum device load impedance, non-optimum device geometry, and power consumption

of the backward traveling wave at the dumping load on the output line.

The main challenges of Si-based DPA in terms of performance arePout limitation, low

power added ef�ciency (PAE), and power gain. HighPout and high ef�ciency requirements

over wideband are still challenging in Si-based technology due to its inherent trade-off

between high speed and large voltage swing operation of the transistors. To accomplish

power gain larger than 10 dB, only single stage DPA is not suf�cient so that two cascaded

DPA stage is necessary at the cost of PAE degradation over broadband. The other design

challenges in terms of implementation are DC biasing and DC current handling capability.

On-chip DC bias network has become essential to avoid a bulky and high-cost external

off-chip bias-tee, which has been typically utilized for broadband DPA. Thus, fully inte-

grated DPA can be an attractive choice especially for large-scale phased array transceiver to

minimize off-chip components and costs. Moreover, narrow line width for high character-

istic impedance (Z0) output T/L limits current handling capability due to electromigration

rules. In other words, the narrow metal not only limits maximum available current along

the output T/L but also prevents a large-sized transistor from being placed at the �rst sec-

tion of DPA. To meet system-level requirement, it is crucial for PA designer to be aware

clearly of a trade-off relationship between these performance/implementation challenges

and operating BW requirements.
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1.3 Non-uniform Distributed Power Ampli�er (NDPA)

Figure 1.1: Schematics of uniform and non-uniform distributed power ampli�er (DPA)
circuit topology.

A generalized n-stage DPA schematic is depicted in Figure 1.1, where it can be either

uniform or non-uniform con�guration depending uponZ0 of output TLs. With constantZ0

of 50 
 in the output TLs, only the last stage of the uniform DPA can swing its maximum

voltage while the preceding stages waste their voltage headroom, which results in poor

ef�ciency. On the contrary, taperingZ0 of the output TLs in the non-uniform distributed

power ampli�er (NDPA) enables all stages to reach its maximum voltage, which leads to

the highest achievable PAE. With this taperedZ0 and scaling device size depending on each

stage, the NDPA can obtain optimum power matching, which results improvement in both

Pout and ef�ciency.

The NDPA topology was initially developed in the 1980s and 1990s using GaAs-based

technology [9]. However, this structure adopting GaAs device was not widely utilized due

to the relatively lowPout level of the device. With the advent of GaN-based technology

as a game changer, research on GaN NDPA has been widely conducted due to higherPout

density and breakdown voltage of GaN device performance [10]. On the other hand, little

research on Si-based NDPA has been carried out due to the relatively lower breakdown

voltage of Si device. Only a few stage-scaled DPAs in Si-based technology have been

reported in [11],[12].

In the NDPA, optimum load impedances at each power stage can be obtained by taper-
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ing Z0 of the output TLs and scaling the active device geometry simultaneously, which is

one of the signi�cant key advantages over the uniform DPA. EachZ0 of output TL seg-

ment is normally tapered from high to low impedance toward the output load, forcing the

current �ow in the direction of the load. In particular, the �rstZ0 in the NDPA should be

as high as possible to increase the total number of active stages, which would lead toPout

improvement and gain boosting. As an example, a GaN NDPA in [13] implemented a 120


 TL, which results in a number of stages as high as 10.

The main design challenge of Si-based NDPAs is the implementation of highZ0 output

TLs over wide BW. Typical NDPA with a �xed output load of 50
 needs high impedance

of the �rst output TL segment, normally higher than 100
 [14], which is dif�cult to imple-

ment in Si-based technologies. For instance, the highest achievableZ0 in GlobalFoundries

9HP SiGe HBT technology [15] is less than 80
 with 2-� m top metal width, when con-

sidering electro-migration rules.

To address this, the authors in [12] proposed SiGe HBT DPA using lumped element

collector TLs of whichZ0 are tapered to 200
 . But its BW is severely limited due to low

self-resonant frequency (SRF) of inductors in the TLs. According to NDPA design theory

[13], [14], lowering output load impedance (ZL) opens a possibility of not only increasing

Pout , but also extending BW. ZL lower than 50
 in the NDPA decreases requiredZ0 of

the output TLs, which in turn reduces inductances and increases their SRF. This blueprint

is only achieved if an output impedance transformer supports broadband operation. The

authors in [16], [17] prototyped GaN NDPAs using a coupled line-based output impedance

transformer. This impedance converter, however, is too bulky to be integrated on Si, which

is not suitable for a fully integrated Si-based phase array. A 3-stacked GaAs mHEMT

NDPA with an L-C section matching network [16] achieved 33.0 dBmPout and 22.0%

PAE, with DC to 22.0 GHz BW. But its low yield and an external bias tee requirement

increases cost signi�cantly.
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1.4 Doherty PA

1.4.1 PowerBack-off ef�ciency enhancedPowerAmpli�er

With the rapid increase in mobile data traf�c, modern wireless communication standards

have utilized complex modulated schemes such as high-order QAM or orthogonal frequency-

division multiplexing (OFDM). One of the most detrimental aspects in such dense modula-

tion schemes is the high peak-to-average power ratio (PAPR), which brings challenges on

the PA design for PBO ef�ciency enhancement and stringent linearity requirement. In other

words, the PA must not only show seamless high linearity up to its peakPout to maintain

high �delity of modulated signals but also achieve boosted ef�ciency at PBO to minimize

overall power consumption of the PA while transmitting modulated signals with high PAPR

[18].

Various techniques such as envelope tracking (ET) [19], [20], outphasing [21], Doherty

PA [22], and their variants have been proposed for PBO ef�ciency enhancement. An en-

velope detector and a supply modulator enable ET PA to modulate the supply voltage by

tracking the input power level. The PBO ef�ciency of ET PA, however, is often limited

by the power ef�ciency and dynamic range of the supply modulator. The design of high-

ef�ciency supply modulators with gigahertz modulation is practically challenging so that

most ET PAs can only support less than 200-MHz modulation BW. On the other hand, the

outphasing PA exploits the combination of phase-modulated signals with equal constant

amplitude to attain ampli�cation of an amplitude-modulated input signal.

This technique requires comprehensive digital signal processing (DSP) and digital pre-

distortion (DPD) overhead to correct nonlinearity of the generated phase modulated signals,

which leads to substantial computation power consumption and low system ef�ciency for

gigahertz modulation.

Conversely, Doherty PA utilizes a main PA and an auxiliary PA (Aux PA) to accomplish

active load modulation and power combining for PBO ef�ciency enhancement. Normally,
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the output load of main PA is actively modulated through the state of Aux PA within the

region of PBO, and output signals of both main and Aux PAs are combined through an

output Doherty network, thus forcing the Doherty PA to operate at its maximum ef�ciency

condition at both PBO and the peak power level. In addition, this solution potentially

supports wideband modulation BW with low DPD overhead, which is a key advantage

over other techniques [22].

Among the aforementioned techniques, Doherty PA can be the best candidate for cur-

rent and future generations of wireless system by considering the stringent requirement

of high linearity, high PBO ef�ciency, and wide modulation BW for Multi-Gb/s high data

rate. The key design challenge is non-ideal and lossy Doherty output network and imperfect

main and Aux. PA cooperation.
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1.4.2 ParallelandSeriesDohertyPA

Figure 1.2: Simpli�ed schematic of parallel and series Doherty PA architectures.

As shown in Figure 1.2, traditionally, two generic Doherty PA architectures have demon-

strated true Doherty active load modulation according to two PA's (Main and Auxiliary)

output combining methods, that is, in parallel (current combining) or in series (voltage

combining). Classic one� /4 transmission line (T-line)-based parallel Doherty PA has

shown relatively narrowband feature due to its inherent BW limitation of the� /4 T-line

[23].

To break the bottleneck, three T-line-based parallel Doherty PAs have exhibited wide-

band active load modulation in [24], [25] at the cost of extra insertion loss of two T-lines

along auxiliary path. On the other hand, series Doherty PAs are well-known for better BW

performance, and the authors in [26] have theoretically demonstrated the series Doherty

combiner has x1.25 wider fractional BW (FBW) than parallel counterpart.
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1.4.3 Active LoadModulation

For this analysis, both main and auxiliary PA devices of parallel Doherty architecture are

simpli�ed by two ideal current sources. The phases of auxiliary current sources should be

pre-adjusted by –90° to achieve in-phase current combining at the output load by adding

� /4 T-lines. To fully verify Doherty's operation, voltage, and current behavior needs to be

precisely analyzed.

Figure 1.3: Current behavior of active load modulation.

As shown in Figure 1.3,I main andI aux are assumed to be linearly proportional toVin

right after each source turns on atVin =0 and 0.5, respectively, and then reach the same

maximum current,I max . In other words, only the auxiliary PA is kept turned off below

6-dB PBO (Vin < 0.5) and then starts to turn on at 6-dB PBO (Vin =0.5).

Figure 1.4: Load impedance behavior of active load modulation.
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Figure 1.4 shows the load impedance behavior of main and auxiliary PA. To sim-

plify this dynamic load modulation behavior, we should focus on three impedances at two

static conditions. First, the load impedance of main PA at 6dB PBO,Zmain @6dBP BO sec-

ond and third are the load impedance of main and aux PA at 0dB PBO,Zmain @0dBP BO ,

Zaux @0dBP BO . At 6dB PBO, the load impedance can be readily estimated by applying

impedance transformer feature of quarter-wave T/L regardless of current and voltage at

load impedance.Zmain @6dBP BO corresponds to 2Ropt. At 0dB PBO, due to the current

summation at the output load, the node voltage corresponds to 2I max timesRopt/2. So, the

load impedance of auiliary PA isVL over I max and corresponds toRopt. In the same way,

sinceZmain L is identical toZaux @0dBP BO , the load impedance of main PA corresponds to

Ropt. Thus, both impedances reachRopt atVin =1.

Figure 1.5: Voltage behavior of active load modulation.

As shown in Figure 1.5, voltage behavior can be expected as a results of current and

impedance relationship.Vmain at 6dB PBO corresponds to the product of half ofI max and

2Ropt, becomesI max Ropt, andVmain & Vaux at 0dB PBO is the product ofI max andRopt,

soVmain is maintained to be a constantvmax above 6dB PBO.

Based on the analysis above, power and ef�ciency behaviors can be estimated under

ideal Class B operation, as shown in Figure 1.6. To calculate the ef�ciency, dc power con-

sumption should be de�ned under Class B operation. Under Class B operation, DC power

consumption,Pdc can be de�ned by the product ofi dc andvdc, where only dc components
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Figure 1.6: Output power and ef�ciency of active load modulaiton.

of current is determined by peak-to-peak current swing divided by� while dc voltage is

constant asvmax /2. With this de�nition, Pdc at 6dB and 0dB PBO are calculated and ap-

plied to ef�ciency calculation. As a result, the ideal ef�ciency at 6dB and 0dB PBO are the

same 78.5% as each other, which demonstrates theoretical back-off ef�ciency enhancement

of Doherty PA.
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CHAPTER 2

DESIGN OF AN 18-50 GHZ MM-WAVE SIGE HBT CASCODE NDPA

2.1 Introduction

Wideband ampli�cation is becoming crucial for wireless applications such as radar, high

resolution imagers, electronic warfare, secured military communications [27], and �fth-

generation (5G) communications. The millimeter-wave (mm-wave) frequency band from

18 GHz to 50 GHz is being considered for these applications, which necessitates the devel-

opment of wideband power ampli�er (PAs) that seamlessly cover all of K-/Ka-/Q-bands.

Thus, design of high power, highly ef�cient PAs over such broadband frequencies is of

great interest.

A distributed ampli�er (DA) is a well-known topology for increasing the gain-bandwidth

product, and achieves this by absorbing the input and output capacitance of the active de-

vices into their corresponding input and output transmission lines(T/Ls). Due to its uniform

50
 con�guration, however,Pout and ef�ciency of the DA inevitably suffers from several

effects, such as non-optimum device load impedance, non-optimum device size, and power

consumption of the backward traveling wave at the dumping load on the output line [28].

To break the bottleneck, a non-uniform distributed power ampli�er(NDPA) topology

has been explored in the literature. In the NDPA, each power stage is optimally power

matched by simultaneous scaling of the active device area and characteristic impedance

(Z0) of output T/Ls, which results improvement in bothPout and ef�ciency.

In particular, the �rstZ0 in the NDPA should be as high as possible to increase the total

number of active stages, which would lead toPout improvement and gain boosting. As an

example, a GaN NDPA in [13] implemented a< 120
 T/Ls, which results in a number of

stages as high as 10.
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The main design challenge of mm-wave Si-based NDPAs is the implementation of high

Z0 output T/Ls over wide bandwidth(BW). The authors in [11] demonstrated SiGe HBT

cascode distributed power ampli�er(DPA) that utilized tapered T/Ls, in which trace widths

were scaled to 2 µm for an estimatedZ0 of 80
 . Such a narrow width T/L, however, will

limit the maximum available area of the active device in the 1st stage of the NDPA due to

its restricted current handling capability.

To overcome such drawbacks, an 18 GHz to 50 GHz SiGe HBT cascode NDPA using

multi-section lumped element arti�cial T/Ls is proposed in the present work. The highest

Z0 of 100
 was successfully realized for the 1st and 2nd stages without any penalty on BW,

which helps increase the number of stages in the NDPA for increasing gain. The prototype

SiGe HBT cascode NDPA shows a peak saturated output power(Psat ) of 19.0 dBm, with a

power-added ef�ciency(PAE) of 14.2% to 19.1% over 18 GHz to 50 GHz, demonstrating

its optimum power matching capability over wide bandwidth.

2.2 Circuit Design

Figure 2.1 shows a circuit schematic of the proposed 18 GHz to 50 GHz NDPA, which

consists of �ve cascode power cells (P1 - P5), four base T/Ls, �ve collector T/Ls, dumping

resistors at the base and collector lines (RB , RC ), and a bias network. A SiGe HBT cascode

topology was adopted as a power cell due to its high output voltage swing capability and

high reverse isolation. For each SiGe HBT cascode, a collector-base-emitter-base-collector

contact(CBEBC) stripe was used due to its higherf T andf max , with lower net base resis-

tance.

2.2.1 CollectorArti�cial TransmissionLine Design

Based on the NDPA theory presented in [28], theZ0 of each collector T/L section (ZC1–ZC5)

is determined by the optimum load impedance (Ropt1 –Ropt5) of each power cell (P1–P5),

according to the following equations:
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GC1 = GC = Gopt1; (2.1)

GCi (i � 2) =
G2

c1

Gc + Gc1
+

iX

k=2

Goptk ; (2.2)

whereGCi (=1/ZCi ) is a characteristic conductance of theith collector T/L,GC (=1/RC )

is a dumping conductance at the collector, andGopti (=1/Ropti ) is an optimum load conduc-

tance of theith power cell. The NDPA design requires that a large sized transistor be placed

in the �rst stage in order to increasePout , which also limits the highest achievableZC1, thus

reducing the number of stages and the overall power gain of the NDPA. As a compromise,

ZC1=100
 was chosen here. The targetZC1, ZC2, ZC3, ZC4, andZC5 were tapered to

100, 100, 75, 60 and 50
 , respectively, with correspondingRopt1=100
 , Ropt2=200
 ,

andRopt3;4;5=300
 . From load-pull simulations, the emitter length(EL) of the common-

emitter(CE) ofP1, P2, P3;4;5 were scaled to 14, 10, and 7 µm, respectively, with the identical

EL of common-base(CB) stages, in this case 14 µm to achieve optimal capacitance loading

on the output collector T/Ls.

The �rst and second collector T/Ls (ZC1;C2 = 100
 ) were implemented using two-

section� -networks (L2, C2a, andC2b), as shown in Figure 2.1. A single-section� -network

is not appropriate for highZ0 T/L design due to its relatively low cut-off frequency(fc)

induced by its LC component values, and the low self-resonant frequency of the inductor.

Using the approach in [23],Chebyshevcoef�cients corresponding to 0.2 dB ripple atf c

of 83.5 GHz were used to obtainL2=255 pH,C2a=25.5 fF, andC2b=41.0 fF. Figure 2.2

shows simulatedS-parameters of the two-section EM-based collector T/L (Z0 = 100
 )

terminated with 100
 . Insertion losses(IL) lower than 1.3 dB and return losses (RLs) better

than 7.9 dB were observed over 18 GHz to 50 GHz. The peaking ofjS21j at 50 GHz can be

attributed to theChebyshev�lter characteristic, which compensates gain roll-off at high

frequencies. The single-section� -network (L1 andC1) in Figure 2.1 was adopted for the
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third-to-�fth stage's collector T/Ls due to their relatively lowerZC3;C4;C5 (� 75
 ). Based

upon constant-K �lter section theory in [23], the calculatedL1s for third-to-�fth stages

were 287 pH, 184 pH, and 125 pH, respectively, with an identicalC1 of 25.5 fF.
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2.2.2 BaseArti�cial TransmissionLine Design

The base T/Ls were also realized by the corresponding� -network of each collector T/L.

The Z0 of the base T/Ls (ZB 1–ZB 4) were maintained at 50
 . For the �rst and second

base T/Ls, the sameChebyshevcoef�cients andf c of the corresponding collector T/L were

applied to two-section� -networks, which results inL2=127 pH,C2a=51 fF, andC2b=83 fF.

Figure 2.2 (a) shows simulated S-parameters of this base T/L (Z0=50
 ) terminated with

50
 . ILs lower than 0.74 dB and RLs better than 11.4 dB were observed over 18 GHz to

50 GHz. The phase difference betweenZ0=100
 andZ0=50
 of two-section T/Ls was

less than 2.71° over 18 GHz to 50 GHz, as shown in Figure 2.2 (b).

A key design aspect of the present NDPA lies in a phase synchronization between the

corresponding collector and base T/Ls over the operating frequency. Even with reduced

Miller effect, the large input capacitance and conductance of the SiGe HBT cascode [11]

impedes the phase alignment between the base and collector T/Ls. To solve this problem,

capacitors (CS1–CS5) were placed in series with the base of CE. Additional shunt capac-

itors (CA1, CA2) were utilized to supplement insuf�cient input capacitance. To mitigate

gain variations as well as maintain good input/output matching and stability over the wide

bandwidth, the dumping resistors of 50 and 100
 were put at the end of base and collector

T/Ls, respectively.

2.2.3 CascodeBiasDesign

To supply DC voltage to the NDPA, fully integrated on-chip DC biasing circuitry was

carefully designed for broadband performance. The collector bias was fed through two

� /4 transmission lines using bypass capacitors, which results in high impedance looking

into the bias network over the entire operating frequency. A series resistor of 700
 (RBB ,

RCAS ) was utilized to feed the base bias of the CE and CB SiGe HBTs, in order to decouple

DC routing from the RF signal path.
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