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Abstract— The opening of spectral bands in the
millimeter-wave (mm-Wave) spectrum from 26 GHz and
extending up to the E-band poses new challenges to the power
amplifier (PA) design for spectrally agile radios. They are
expected to operate with high energy efficiency at peak and
back-off levels to process signals with high peak-to-average power
ratio (∼10 dB), while being able to maintain their performance
across a wide range of 5G bands. In addition, the PAs can experi-
ence strong load impedance mismatch conditions in a user equip-
ment (UE) that pose additional challenges in handling strong
voltage-standing-wave-ratio (VSWR) events. In this article,
we present a systematic approach to exploit active load pulling
in a multi-port network that synthesizes optimal impedance
conditions for 1) broadband peak and back-off operation and
2) mitigating VSWR events at peak power. As proofs of concept,
we present two PAs in 65-nm bulk CMOS process. The first chip
demonstrates Psat between 16.3 and 19.3 dBm across 37–73 GHz,
with an improvement in the output drain efficiency (ηout) of
up to 3.2×/5.8× at 6-/9.6-dB power back-off (PBO) across the
frequency range compared to class-A operation. The second chip
achieves 26–42-GHz Psat, −1 dB bandwidth with Psat > 19 dBm
and PAEpeak > 20% across all 28–40-GHz bands and with up to
3.35× and 4.84× enhancement in PAE at the PBO levels of 6 and
9.6 dB over class-A operation, respectively. The PA also demon-
strates strong tolerance to VSWR events with only 2 dB degra-
dation over a VSWR 4:1 load circle at a frequency of 33 GHz.

Index Terms— Back-off, broadband, DAC, 5G, load impedance
mismatch, load–pull, millimeter wave (mm-Wave), power ampli-
fier (PA), power combining, voltage-standing-wave-ratio (VSWR).

I. INTRODUCTION

F IFTH-GENERATION (5G) communication systems
promise a significant amount of data capacity and quality

of service to support advanced modulation schemes. The
third-generation partnership project (3GPP) has dubbed
5G’s new air interface as 5G new radio (NR) that
divides the band into two frequency ranges: FR1 that
operates below 6 GHz and FR2 that includes bands above
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24 GHz and extending into the range above 50 GHz. As of
now, the 5G NR specifies numerous bands at mm-Wave
frequencies, such as n257, 28-GHz band (26.5–29.5 GHz)
and n260, 38-GHz band (37–40) GHz. The proliferation
of this spectrum demands new spectrally-agile power
amplifiers (PAs) that can support energy-efficient operation
at peak and back-off across the broad spectrum, while being
tolerant to load impedance mismatches operating in complex
electromagnetic environment [1], [2].

For PAs, energy efficiency and bandwidth typically trade-
off with each other [3], [4]. In addition, mm-Wave propa-
gation and antenna properties can be significantly affected
by blockage and by the presence of human body [1], [5].
The above-mentioned factors lead to strong tradeoffs among
output power generation, back-off efficiency, bandwidth, and
voltage-standing-wave-ratio (VSWR) tolerance. While prior
works [6]–[33] have shown the capability of broadband and
efficient silicon-based PAs enabling multiband operation from
37 GHz and extending up to 73 GHz with high back-off
efficiency across the band is still very challenging. In addi-
tion, mitigation of load impedance mismatches in a complex
near-field environment is nontrivial.

In this article, we propose a systematic method to exploit
active load pulling in a multi-port combiner to simultane-
ously allow broadband and high back-off efficiency opera-
tion, and VSWR tolerance at peak power [see Fig. 1(a)].
The tradeoffs between peak power, bandwidth, and achiev-
able back-off efficiency are shown in Fig. 1(b)–(d). Wide-
band PAs can achieve broadband operation with optimal
impedances at the peak power (albeit with less efficient
multiorder matching networks), but suffer from low effi-
ciency at back-off due to suboptimality of the presented
impedance [see Fig. 1(b)] [21]–[24]. The newly proposed
waveform-engineered continuous-mode PAs are promising
candidates in terms of achievable bandwidth, but the operation
is often limited to peak power levels with a relatively low
back-off efficiency [25]–[27]. On the contrary, load modulation
architectures can provide high back-off efficiency but suffer
from lower fractional bandwidth, as shown in Fig. 1(c). Prior
works have demonstrated transformer-based Doherty PAs at
mm-Wave, but over a limited frequency range of operation
[28]–[34]. A PA architecture that can be reconfigured simul-
taneously across frequency and power back-off (PBO) levels
is, therefore, very challenging [see Fig. 1(d)].
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Fig. 1. Multi-port PA architecture for broadband, back-off efficient operation and VSWR tolerance exploiting controlled active loadpulling. (a) (N + 1)-port
PA architecture. Efficiency curve (η) against power and frequency for (b) broadband PA at peak power, (c) back-off efficient PA at center frequency, and
(d) presented multi-port architecture. (e) Load mismatch or VSWR event in an UE. (f) Qualitative description of PA performance degradation against VSWR
event. (g) Desired VSWR reconfigurability across VSWR events.

In addition to energy and spectral efficiencies, VSWR
tolerance is also an important characteristic for 5G mmWave
PAs. Various factors, including but not limited to blockage of
mm-Wave chipset by the position of the hand in landscape
or portrait mode, as shown in Fig. 1(e), impact the loading
at the PA output. These load variations present suboptimal
impedance at the output of each PA cell, which drastically
degrades the performance, as shown in Fig. 1(f). In addi-
tion to large-signal performance considerations, to best of
our knowledge, no prior work has shown compensation of
load mismatch effects along with broadband operation in
the mm-Wave band [35], [36]. In an ideal scenario, these
mm-Wave front ends desire to be VSWR agile or self-healing
where efficiency is immune to load mismatch conditions,
as shown in Fig. 1(g) [41].

The key aspect to allow efficient operation across all these
three parameters is being able to synthesize the optimal
impedances in a controlled fashion. In this article, we present
a generalized approach toward this by exploiting active load
pulling through controlled interactions among an array of
mm-Wave DACs in a systematically designed combiner net-
work. We show that in an N-way combiner, unlike Doherty
or our previous work [37], the concept of main and aux-
iliary PAs can be eliminated to allow a more fine-grained

distribution of power across back-off and frequency leading to
energy-efficient and spectrally efficient multiband operation.

We present two different prototypes in a 65-nm bulk
CMOS technology. For frequency and back-off adaptabil-
ity, a scalable three-stage, four-way PA with a self-similar
�-conjugate architecture is implemented. The PA operates
across 37–73 GHz generating Psat between 16.3 and 19.3 dBm
with an improvement in output drain efficiency (ηout) of
up to 3.2×/5.8× enhancement at 6-/9.6-dB PBO across the
range compared to the class-A operation. The second-level
application of the proposed architecture for VSWR agility
is demonstrated using a differential two-way combiner that
operates across 26–42 GHz. The PA compensates for antenna
load variations of up to 4:1 VSWR through active impedance
synthesis at a frequency of 33 GHz.

This article is broadly divided into two major parts,
one focusing on broadband back-off efficiency enhancement
and second part on VSWR tolerance. A simplified two-way
combiner example is introduced in Section II to explain
the core properties of the proposed architecture. Section III
presents the proposed architecture for frequency and back-off
reconfigurability. Section IV discusses the analytical frame-
work for the VSWR-agile operation of PA. Thereafter,
the implementation of wideband back-off efficiency PA in
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Fig. 2. DAC-based two-way combiner PA for frequency reconfigurability. (a) Symmetrically combined PA. (b) Asymmetrically combined PA. (c) Impedances
seen by each PA in the symmetrical and asymmetrical configurations. (d) Input impedances looking into each branch of the asymmetrically combined PA.
(e) Phase compensations for the two branches to add coherently at the output load. (f) Efficiency comparison of (a) and (b).

a 65-nm bulk CMOS process is presented in Section V.
Section VI presents the VSWR agility of the proposed archi-
tecture followed by conclusions in Section VII.

II. UNIFIED COMBINER NETWORK SYNTHESIS APPROACH

Here, in this section, we present an intuitive approach for an
example two-way combiner network to illustrate the method-
ology of exploiting active load pulling for frequency, back-off,
and VSWR. While some of our prior works ([37]–[44]) have
demonstrated the aspects of this technique, here, we present
a unified approach in a step-by-step fashion to synthesize
optimal input and output combining networks for bandwidth,
back-off efficiency, and VSWR tolerance.

A. Bandwidth: Multi-order Network Synthesis Through
Power Combining

Power combining is central to mm-Wave power generation
due to the limited output power from a single device. The
input and output matching in such a case is typically achieved
with passive networks, the order of which determines the
bandwidth of the operation. An example of symmetric PA is
shown in Fig. 2(a) with input and output combiner comprised
of second-order networks (designed with lossless passives)
for 65-nm CMOS transistors. The PA produces 20-dBm peak
output power at the center frequency of 55 GHz. Due to the
symmetry of the network, the impedances seen by the PAs are
identical, i.e., Z1,Symm = Z2,Symm that represent the optimal
load–pull impedances at the designed frequency of 55 GHz.
The impedances deviate from Rloadpull significantly at other

frequencies limiting bandwidth, as shown in Fig. 2(c). Broad-
band operation where Z1,Symm = Z2,Symm closely follows
Rloadpull can be achieved with multi-order networks at the
expense of efficiency.

The symmetry of the network completely overlooks the pos-
sibility of establishing a quasi-higher order network through
signal combination and active load pulling. An example
is shown Fig. 2(b), where two phase-offset PAs combine
through two second-order networks designed as an asymmetric
�-conjugated combiner to produce the same output power
of 20 dBm. By breaking the symmetry of the network,
the combiner behaves as a quasi-fourth-order network due to
active load pulling at peak power. The proposed input and
output branch networks have two demonstrative features that
establish a foundation for high combining efficiency over a
broadband range.

First, the impedance transformation is not achieved indi-
vidually in each branch of the network to transform 100 � to
Rloadpull, such as in Fig. 2(a). It is through the interactions that
the optimal impedance is synthesized. The approach to design
the combining network is shown in Fig. 2(b), which shows
the conjugate nature of the reflection coefficients at the center
frequency of 55 GHz in each branch as observed from the
output port. This allows the impedances (Z1,Asymm, Z2,Asymm)
to follow closely to Rloadpull across 30–80 GHz, even with a
second-order in each branch [see Fig. 2(c)].

Second, broadband input matching is also established recip-
rocally. In a manner similar to the output, the input impedances
of PA1 (Z in1,Asymm) and PA2 (Z in2,Asymm) are different (conju-
gate at the center frequency of 55 GHz), and combines together
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Fig. 3. DAC-based two-way combiner PA for back-off reconfigurability across frequencies. (a) Efficiency and power contours across the combinations
of (m, n) at 37 GHz. (b) Achievable efficiency and on-fractions for optimum operation across PBO levels at 37 GHz. (c) Efficiency and power contours
for 69 GHz. (d) Achievable efficiency and on-fractions for optimum operation across PBO levels at 69 GHz.

to provide broadband response, as shown in Fig. 2(d). The
optimal phase offset for the PAs to combine in the �-conjugate
combiner is also established at the input by interchanging the
topology of the networks from the output to the input. This
simultaneously establishes broadband input matching while
ensuring optimal phase synthesis (θ ) and equality of total
phase (φ1 + φ′

1 = φ2 + φ′
2) across both branches over the

frequency range, as shown in Fig. 2(e). The small-signal com-
bining efficiency (η = Pout, max/Pavs = ((||S31| + |S32||2)/2))
is plotted in Fig. 2(f) across 30–80 GHz for both symmetric
and asymmetric networks. As can be seen, the asymmetric
nature of architecture achieves simultaneously high efficiency
and high bandwidth when compared with the symmetrical
architectures. This provides a strong framework for mm-Wave
multi-port network synthesis.

B. Broadband Back-Off Reconfigurability

Keeping the same asymmetric network as explained in the
previous section, the back-off reconfigurability is exploited
using interaction between mm-Wave asymmetrically coded
DAC cells [see Fig. 3(a)]. The various back-off power lev-
els (PBO) are generated through the choice of the codes m
and n that represent the fraction of the PA cells switched ON.
The efficiency at a given PBO then depends on the optimality
of impedance synthesis at that given power level. The goal
is to choose optimal codes (m, n) to generate the desired
output power with maximum efficiency at different frequency
bands. We will demonstrate that, through optimal choices
of frequency dependent (m, n), efficient back-off operation

can be synthesized by mimicking a frequency reconfigurable
Doherty-like operation.

As shown in Fig. 3(a), the two different PA cells can
be represented in a simplistic way with load impedances
of R/m and R/n, where m and n represent on-fraction of
PA1 and PA2, respectively. For ease of analysis, we employ
a linear circuit analysis to capture the efficiency degradation
as the impedances deviate from optimality. This qualitatively
captures the efficiency degradation under voltage and current
saturation in a PA operation as well. For a three-port broad-
band asymmetric combing network, we define the efficiency as
η = Pout/Pavs, where Pavs = (m Ipk/2)2 · (R/m) + (nIpk/2)2 ·
(R/n), m ≤ 1 and n ≤ 1 and Ipk is the peak current of the
device.

This power transfer efficiency of the network for any back-
off level (or code (m, n)), that represents how close the
impedances are to the optimal, can also be calculated using the
scattering parameters (Sm,n) of the network defined with the
reference impedances R/m, R/n, and Zo. For any given code
(m, n), the efficiency at back-off level (PBO) can be shown
to be

η = fPBO(m, n, Sm,n) =
∣
∣
∣|S31

m,n |√m + |S32
m,n |√n

∣
∣
∣
2

m + n
(1)

Similarly, the normalized output PBO level can be derived as
PBO = gPBO(m, n, Sm,n) = (m + n) fPBO(m, n, S)

= ∣
∣|S31

m,n|√m + |S32
m,n|√n

∣
∣2

(2)

where gPBO(m, n, Sm,n) is the achievable output PBO.
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Using (1) and (2), the efficiency and power at a given
back-off can be plotted as a function of continuously varying
m and n, as shown in Fig. 3. There are several codes given by
combination of m and n for a given back-off level (say 6 dB),
as shown by the red traces in Fig. 3(a) and (c). These code
combinations present a wide range of impedances for two
different PA cells (noted as Z1 and Z2), respectively, some of
which are efficient and some are not. The optimal pair (m, n),
which provides maximum efficiency for a given back-off level
PBOgiven, can be solved to be

∂ fPBO

∂m
≈ 0

∂ fPBO

∂n
≈ 0

|gPBO(m, n, Sm,n) − PBOgiven| < ε (3)

where ε is the tolerable error bound between the desired back-
off level and achieved power level.

As shown in the example in Fig. 3(a), the PBO and
efficiency contours are plotted as a function of m and n.
Here, the optimum efficiency can be achieved for m = 0 and
n = 0.5. This implies that at 37-GHz, optimal 6-dB PBO
is achieved when PA1 is OFF and PA2 is partly switched ON,
where it sees the optimum impedance of Z2,opt6dB, thus allow-
ing high back-off efficiency. The achievable efficiency over
different PBO levels optimized in the (m, n) plane is plotted
in Fig. 3(b). The codes for both PA cells are also plotted as a
function of PBO, that clearly illustrates the loadpulling effect
in enhancing the back-off efficiency compared to class-A/B
operation.

At 69 GHz, the role reversal takes place. Now for back-
off, the second PA shuts OFF and part of first PA remains
ON for efficient operation, as could be seen from constant
6-dB PBO curve shown by code m = 0.5 and n = 0,
respectively, in Fig. 3(c). Thus, the PA demonstrates 2-D
reconfigurability over PBO and frequency by maintaining high
efficiency, as shown in Fig. 3(d).

This demonstrates the ability of exploiting active load
pulling and code synthesis to allow simultaneously broadband
and back-off operation. The granularity of the code synthesis
can be increased with an N-way combiner that allows even
higher efficiency and back-off operation, as we will demon-
strate with a four-way combiner architecture.

C. Reconfigurability for VSWR Tolerance

The ability to allow optimal synthesis in a controlled
fashion can be extended to overcome impedance mismatch
effects as well. Here, we demonstrate an example of VSWR
mitigation at peak power by exploiting the asymmetric-coded
interaction between m and n using the asymmetric combiner
explained in the previous section. Although this architecture
uses the same conjugate output combiner, however, it exploits
different load-pulling mechanisms for back-off and VSWR
reconfigurability.

To allow VSWR mitigation at peak power, the architecture
is designed for optimal code of (m, n = 0.5) for peak operation
under a 50-� load condition, i.e., the half of each branch (PA1

and PA2) is active for peak operation in a 50 � environment.
For given impedance mismatch condition and operating code
(m, n), the efficiency and output power level are given by η =
fVSWR(Sm,n, m, n, �L ) and Pout = gVSWR(Sm,n, m, n, �L ),
respectively. Similar to (3), the optimal operating code (m, n)
for a given VSWR load �L can be solved from

∂ fVSWR

∂m
≈ 0

∂ fVSWR

∂n
≈ 0

|gVSWR(m, n, Sm,n) − Pout,given| < ε (4)

where Pout,given is the desirable output power.
It is interesting to note that for maximum efficiency and

output power, while PA1 is dominant in certain portions of the
VSWR circle, the PA2 is dominant across the others, as shown
in Fig. 4. For a VSWR 2:1 (�L = 0.31 � 61◦) load at 69 GHz,
the symmetric-coded operation with half fractions of PA1 and
PA2 being ON (m = 0.5 and n = 0.5), degrades the power
and efficiency η by ∼1 dB. This degradation in efficiency
can be mitigated by changing the codes to m = 0 and n = 1,
as shown in Fig. 4(a). This optimum combination with first PA
turned off and second PA turned on gives us η = 1 and moves
optimum impedance to Z2,opt. Similarly, for VSWR 3.8:1 load
(�L = 0.58 � 23◦), η and power are enhanced by ∼2 dB
through optimal code selection with second PA turned off and
first PA turned on, i.e., m = 1 and n = 0, as shown in Fig. 4(b).
This methodology demonstrates a PA architecture that exploits
controlled mutual interactions through a combination of DAC
cells to mitigate VSWR effects.

III. SELF-SIMILAR �-CONJUGATED MULTI-PORT

ARCHITECTURE FOR FREQUENCY AND

BACK-OFF RECONFIGURABILITY

In Section II, we showed that two-way power combined
PA cells when driven with appropriate phases can generate
the optimal load–pull impedances for an extensive range
of frequencies and back-off levels. For a two-port network
synthesis, the conjugate nature of the matching system in each
branch could be seen from the design equations presented
in [37]–[40], as given by

�2 = �1
∗ (5)

|�1| =
∣
∣
∣
∣
1 − �1

2

∣
∣
∣
∣ (6)

where �1,2 = (Z1,2 − Zo)/(Z1,2 + Zo). It is interesting to
note that this conjugate nature could be extended for 2K ports.
Such a generalized N-port architecture, due to the nature
of asymmetry involved, also improves the efficiency across
higher back-off levels as elaborated in this section.

Fig. 5 shows the proposed architecture where 2K mm-Wave
DAC cells combine their power in the 50-� load. The
impedance seen by these PA cells Zi are functions of driving
conditions of all PA cells. The proposed architecture is divided
into several different stages, which are subsequently explained
next.
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Fig. 4. DAC-based two-way combiner PA for VSWR reconfigurability for (a) VSWR 2:1 load and (b) VSWR 3.8:1 load at 69 GHz.

Fig. 5. Proposed self-similar, node-conjugated architecture with (N +1)-port
network.

1) First Stage: Split the 2K PA cells into 2K−1 groups
with each group containing two PAs. First, add the parallel
inductor L p to resonate out the device capacitance of each
PA cell at the center frequency. Once the device capacitance
is resonated out, an asymmetric combiner synthesis is carried
out to maximize the combining efficiency across the broad
spectrum. This is accomplished by adding an inductor in
one branch (L11) and capacitor in other branch (C11) to
create the conjugate condition �12 ≈ �11

∗. This network is

replicated for all the groups, resulting in 2K−1 outputs from the
first stage.

2) Second Stage: Now, split the 2K−1 outputs from
the first-stage into 2K−2 groups with each containing two
branches. Then, add inductor in one branch (L21) and capac-
itor in another (C21) creating �22 ≈ �21

∗ condition, thereby
maintaining the asymmetry in the structure. Replicate this for
the rest of the groups similar to the first stage.

3) K th Stage: After the K th-stage with �K 2 ≈ �K 1
∗, con-

nect the resulting output to 50-� load. The optimal phase
driving condition for PAs in each of these branches could
be derived from the S-parameter matrix of the (N + 1)-port
combiner, as given by θi = � (SN,i /SN,0)

∗.

A. Number of Stages(K )

1) K = 1: Fig. 6(a) shows the proposed architecture with
K = 1 or a two-way combiner with goal to deliver ∼200 mW
to the load. �1 j s are conjugate in nature, as shown in Fig. 6(b).
Once this condition is achieved, the impedances presented to
the PAs in both the branches are close to optimal impedance
automatically as we could see from Fig. 6(c). This optimal
impedance synthesis ensures peak power combining across
wideband and also provides back-off reconfigurability, which
is shown in the 3-D plot across the dual axes of frequency and
PBO levels in Fig. 6(d). As shown, the efficiency η > 0.7 at
the peak power level and η > 0.5 at 10-dB PBO over a large
frequency range can be achieved.

2) K = 2: The proposed architecture can be adapted for
K = 2 or a four-way combiner, as shown in Fig. 7(a) to deliver
∼200 mW to the load. Here, the PAs are denoted as cell A,
B, C, and D. �i j s at each of the matching levels are nearly
conjugate in nature, as shown in Fig. 7(b). After achieving
this condition, the impedances presented to the PAs in all the
four branches are much closer to optimal impedance as we
could see from Fig. 7(c). Fig. 7(d) shows the 3-D plot of
near-optimal efficiency across the dual axes of frequency and
back-off levels for this four-way combiner. As shown, almost
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Fig. 6. �-conjugated combiner. (a) Combiner design with K = 1 delivering 200 mW to the load. (b) �12 ≈ �∗
11. (c) Impedances seen by PAs in two

branches. (d) 3-D plot of efficiency against 2-D axes-frequency and back-off.

Fig. 7. Scalable �-conjugated combiner. (a) Combiner design with K = 2 delivering 200 mW to the load. (b) �s are nearly conjugate-natured, as could be
seen at each matching level (�12 ≈ �∗

11 and �22 ≈ �∗
21). (c) Impedances seen by PAs in two branches are closer to the optimal impedance. (d) 3-D plot of

efficiency against 2-D axes-frequency and back-off shows almost constant optimal efficiency.

a desired flat efficiency could be achieved with η > 0.9 at
the peak power level and η > 0.8 at 10-dB PBO across the
complete frequency span (35–75 GHz).

B. Coding Scheme for the Proposed Architecture

The proposed architecture allows a different combination of
codes for controlling the contributions coming from various
PA cells for a given level of output power. The codes can
be analytically derived based on combining cells and can be
stored in a lookup table (LUT) on-chip and even adjusted
post-fabrication to compensate for mismatches and process
variations. The programmability of the codes is intended to
synthesize optimal operating conditions for high efficiency
broadband peak and back-off operation. For an ideal two-way
Doherty, at peak output power, both PAs are ON and at 6-/9-dB
back-off, the main PA is ON, while the auxiliary PA is OFF, as
shown in Fig. 8(a). To further explain the coding schemes
in the proposed architecture, a block diagram of four-way
combining PA architecture is shown in Fig. 8(b) and (c). Dif-
ferent mm-Wave PA-DAC cells are represented as A, B, C,
and D. For a given frequency and an output back-off power
level, the voltage and current saturation conditions can be
maintained with a certain combination of these cells. The
selection of codes self-adjusts the load modulation through
node-conjugated combiner and is summarized in Fig. 8(d). For
example, at the lower end of the band, i.e., 37 GHz, the cell
B dominates at 9.6-dB PBO, while the combination of cells
B and D achieves optimal performance at 6-dB PBO. At the
higher side of spectrum, i.e., 71 GHz, cell C determines the
desired power at 9.6-dB PBO, while the combination of A

and C dictates 6-dB back-off level, as shown in Fig. 8(d).
At the center of the band, i.e., 55 GHz, cells C and A provide
the optimal power at 6- and 9.6-dB PBO, thereby ensuring
the voltage–current saturation of the two PA cells. The method-
ology demonstrates that through this self-similar architecture
and optimal code synthesis, simultaneously broadband peak
and back-off operation can be achieved exploiting active load-
pulling.

IV. ACTIVE LOAD-PULLING ARCHITECTURE

FOR VSWR AGILITY

The effect of VSWR events on the performance of a PA
and the combining cells is shown in Fig. 9. The range of the
load variation translates through the combining network into
a range of impedance variations that each cell experiences,
that results in the degradation of the overall PA performance.
Mitigation of this effect requires us to bring back the opti-
mal impedance that each PA sees under such VSWR event.
Achieving this through a reconfigurable tuning network is
challenging at mm-Wave frequencies due to the low-quality
factors of variable passive elements. We will explore if load
pulling through a systematically designed network can allow
us to resynthesize optimal impedances and overcome VSWR
without the need for variable lossy passives.

A. Can VSWR Be Mitigated Through Active Load Pulling?
Small-Signal Regime Analysis

For ease of analysis and understanding of the design space,
we will start with investigation of the effect of load mismatch
in a lossless multi-port network through which a set of small-
signal amplifiers combine to drive a load. In such a case,
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Fig. 8. �-conjugated combiner. (a) Doherty design, its efficiency, and DAC codes across PBO levels. (b) Proposed four-way �-conjugated design. (c) Efficiency
across the frequencies and PBO. (d) Corresponding DAC codes at PBO levels along with the impedance seen by the PA cells (Zi = Ri || j Xi ) to achieve
simultaneous current–voltage saturation across the frequencies for a near flat efficiency at 37, 55, and 71 GHz.

the amplifiers still would like to see the optimal impedance
(conjugate of the their output impedance) that can deviate
strongly under a VSWR event. To understand whether active
loadpulling can mitigate this effect, the question we address
is whether such degradation can be minimized with carefully
designed combiner network and with reconfiguration of the
amplifier driving conditions?

For such a generalized N-port combining network,
the maximum efficiency under optimal driving conditions
(pi ∝ S∗

N+1,i ) is given by ηtot, max = 1 − |SN+1,N+1 |2.
Evidently, the combiner is designed in such a way that under
optimal load of Z L = Z0, ηith source = ηtot, max = 1, and
SN+1,N+1 = 0 for a lossless combiner [38].

When the load impedance (Z L) is now varied, it can be
shown that the optimal driving conditions of the combining

cells remain unchanged. Under such VSWR events, the maxi-
mum achievable combining efficiency and corresponding effi-
ciency of the i th source can be both shown to be

η′
ith source = η′

tot, max = 1 − |�L |2 (7)

where �L = (Z L − Zo)/(Z L + Zo).
The earlier analysis also infers that the achievable combin-

ing efficiency is entirely independent of the combining network
and active load modulation cannot mitigate the degradation
resulting from load mismatches. This is only true if the output
impedances of the combining amplifiers are constant, such
as in a small-signal amplifier. In a PA though, this can be
modified through switching cells in an mm-Wave DAC array.
The optimal output impedance of each combining cell can be
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Fig. 9. Impedances seen by PA cells deviate from the optimal impedance Zopt
under VSWR events at the load ZL leading to PA performance degradation.

reconfigured and VSWR mitigation can be achieved through
optimal code synthesis.

B. Network Analysis

Here, we present a method to design the combining network
that can allow us to overcome VSWR in specified regions
of the Smith Chart. Under load mismatch effects, i.e., Z L �=
50 �, the performance degrades as a function of VSWR and
is shown in Fig. 10(c).

Consider a simplified PA-DAC cell with N number of
cells. Assume that under Zo = 50 � load, the required
output power is delivered equally by both cells at m = 1/M,
n = 1/N = 0.5. Now, each DAC cell can be modeled as
a DAC-current source with complex RC impedance Zout =
Z∗

opt, where Zopt is the optimal load–pull impedance. When the
PA is completely ON, the optimal output impedance is given
by Zout = Ropt||(1/ jωCd), as shown in Fig. 10(a). Similarly,
for 1/M fraction of DAC cell, the optimal impedance can
be modeled as Zout = M Ropt||(1/ jωCd). This is the method
to reconfigure the output impedances of the combining DAC
cells.

The effect of this in the two-way combiner example can be
seen in Fig. 10(c). In addition to the center Zo = 50 � load,
the PA shows optimal performance when the load impedance
assumes two other impedances in the capacitive region of
the Smith chart. In the neighborhood of these impedances,
the PA demonstrates high-efficiency operation. As shown
in Fig. 10(c), this is achieved by optimally increasing one of
the PAs to full strength while turning the other one off. This
allows a VSWR-agile operation in the capacitive region of
the PA in this example. The location of these two additional

regions in the Smith Chart is, of course, dependent on the
combiner network. We will show that the combiner can be
systematically designed to place these two centers at the
desired locations in the Smith Chart.

As shown in Fig. 10(b), the combiner network is defined by
the four elements x1, x2, x3, x4. Using the asymmetric nature
of combining condition given by (5), a relation between xi (s)
can be established as

2r x3(x3 + j2r)

4r2 + x2
3

+ j x4 = 2r x1(x1 − j2r)

4r2 + x2
1

− j x2. (8)

On equating real and imaginary parts, we get

|x3| = |x1| (9)
4r2x3

4r2 + x2
3

+ x4 = − 4r2x1

4r2 + x2
1

− x2. (10)

Equations (9) and (10) give us two solutions depending on
relationship between x3 and x1 (Cases 1 and 2)

Case 1: x3 = x1, x4 = −x2 − 8r2x1

4r2 + x1
2 (11)

or

Case 2: x3 = −x1, x4 = −x2. (12)

A third equation can be established using (6) to provide a
relationship between x2 and x1 given as

∣
∣
∣∣
∣
2r x1(x1 + j2r)

4r2 + x2
1

+ j x2 − 1

∣
∣
∣∣
∣
= 1. (13)

Depending on the dominance of PA1 or PA2 or both, there
are several possible solutions for load impedance at which
η = 1 in addition to 50 �. To simplify analysis, we can assume
one of the PAs to be shut OFF, say PA2 (m = 1, n = 0) and
the load impedance at which fully ON PA1 can transfer all
its power efficiently is zL = zL1. Similarly, when PA1 shuts
OFF (m = 0, n = 1), the entirely ON PA2 delivers power with
maximum efficiency to load zL = zL2. These impedances can
be computed to be

zL1 = ((r || j x1 + j x2)|| j (x3 + x4))
∗

=
(
r x2

1 − j
[
r2x1 + r2x2 + x2

1 x2
])

(x3 + x4)
(
r2 + x2

1

)
(x1 + x2 + x3 + x4) − x3

1 + jr x2
1

. (14)

Similarly

zL2 = ((r || j x3 + j x4)|| j (x1 + x2))
∗

=
(
r x2

3 − j
[
r2x3 + r2x4 + x2

3 x4
])

(x1 + x2)
(
r2 + x2

3

)
(x1 + x2 + x3 + x4) − x3

3 + jr x2
3

. (15)

So far, there are three independent equations with four
variables in the equation set (11) and (13) for Case 1 or (12)
and (13) for Case 2. Hence, there is only one independent
variable x1. Using (14) and (15), we can infer zL1 = f (x1)
and zL2 = g(x1). The loci of zL1 and zL2 for these two
possible cases are shown in Fig. 10(d). For example, in Case 1,
with x1 = +0.3, zL1 (m = 1, n = 0) and zL2(m = 0,
n = 1) are inductive, and hence, efficiency recovery is
configured for inductive-VSWR loads in addition to zL = 1
(m = 1/2 and n = 1/2), as shown in Fig. 10(e). Likewise,
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Fig. 10. VSWR reconfigurability. (a) Current model of PA with 1/M fraction being turned on. (b) Example two-way combined linear network. (c) Power
degradation circle without and with reconfiguration along with the on-fraction of each PA when reconfigured for maximum efficiency. (d) Combiner design
to shape the VSWR enhancement regions. The figure shows the loci of two load impedances (zL1 and zL2) in (14) and (15) that represent optimal efficiency
operation for the two codes (m = 1, n = 0) and (m = 0, n = 1). This results in appearance of the VSWR tolerance regions around zL1 and zL2 as shown
in part (e) of the figure. (e) Combiner examples showing the η-enhancement in capacitive and inductive portions of the Smith chart corresponding to the
impedances highlighted in part (d) of the figure.

the VSWR enhancement could be achieved on the capacitive
region (Case 1, x1 = −0.3), inductive region (Case 1,
x1 = +0.3), or combination of both (Case 2, x1 = +0.3)
[See Fig. 10(d) and (e)].

In the presented two-way combiner, we see that two
additional regions of VSWR enhancement are created in
a two-way combiner [see Fig. 10(e)]. Expectedly, this can
be extended as we move from a two-way to an N-way
combiner.

V. WIDEBAND AND BACK-OFF AGILE

PA IMPLEMENTATION

A codesign process between the constituent PA cells and
the output combiner is followed for the optimization of
peak power and efficiency across the frequency range. The
complete schematic comprises of four-way three-stage PA,
as shown in Fig. 11. The input signal splits into two branches
driving the first 2-bit thermal-coded predriver stage. It drives
the 2-bit driver, which further powers the 3-bit main stage.
The broadband interstage matching networks are synthesized

to achieve high network efficiency. The input digital bits
are sent to each of the branches through a high-speed
on-chip serial-to-parallel converter designed with dynamic
latches.

A. mm-Wave DAC

A common-emitter stage with control switch at its source
is chosen for each of the weighted-PA bits, as shown
in Fig. 12(a). When the control bit is high, the switch is
turned on with a minimal resistance at the source enabling
PA to deliver power. When the control bit is low, the switch
is turned off, creating an open-circuit condition at the source
of PA and turning off the PA.

The output stage comprises of a 3-bit mm-Wave DAC
with the least significant bit (LSB) PA and LSB switch sized
2 × 16 × 1 and 1 × 32 × 4 μm, respectively. In addition,
the most significant bit (MSB) PA and MSB switches are sized
8 × 16 × 1 and 4 × 32 × 4 μm, respectively. The layout of
MSB cell and its load–pull contours at 37 and 71 GHz are
shown in Fig. 12(a) and (b). The layout of the 3-bit DAC is
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Fig. 11. Circuit schematic of the 37–73-GHz broadband PA with back-off energy efficiency enhancement.

Fig. 12. PA output 3-bit DAC. (a) Layout of MSB along with the switch. (b) Load–pull contours of MSB PA at 37 and 71 GHz. (c) Layout of 3-bit
mm-Wave DAC. (d) Power delivered by each of the bits at 37 and 71 GHz.

shown in Fig. 12(c), and the power delivered by each of the
cells is shown in Fig. 12(d).

B. Combiner Design

The combiner is designed following the methodology pre-
sented in Section III to ensure that the PAs operate efficiently
at peak power level and across back-off over targeted band-
width. The combiner is realized with microstrip transmission

lines with the top aluminum (Al) metal layer of 1.45 μm
thickness and metal–oxide–metal (MOM) capacitors. It is
jointly shown in Figs. 11 and 13(a). As stated, the combiner
follows the �-conjugated network, which is designed to have
the driving phases of approximately 0,−π/2, 0,+π/2 at the
four branches. Fig. 13(b)–(f) shows the simulated performance
of the output PA stage with the combiner across 35–75 GHz,
showing the ability to deliver Pout > 20 dBm and high
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Fig. 13. Simulated PA performance. (a) Micrograph of the output combiner. (b) Output power and individual cell contributions. (c) AM-PM at 55 GHz
across frequency. (d) Output drain efficiency across frequency. (e) Output combiner efficiency across frequency. (f) Interstage matching network efficiencies.

Fig. 14. Simulated PA performance. (a) Micrograph of the input combiner. (b) Input matching. (c) Phase generation across the branches with the input
network and comparison with optimal phase profiles.

combining efficiency over 72% fractional bandwidth. In addi-
tion, the AM–PM variation is within 3◦ at 55 GHz across the
output power, as shown in Fig. 13(c). To ensure maximum
power delivery to the main stage, broadband interstage net-
works are designed, as shown in Fig. 13(f).

C. Input Match and Phase Generation

The input matching needs to ensure simultaneous max-
imum power delivery and the synthesis of desired driving
phases across frequency. As explained in the previ-
ous section, the combiner requires approximate phases
of 0,−π/2, 0,+π/2 for efficient operation (see Fig. 11). The
compact 90◦ hybrid in [45] along with asymmetrical matching
networks in each branch is used to generate the required phases
close to 0,−π/2, 0,+π/2 across the four paths, as shown
in Fig. 14. The dimensions of the input transformers are
shown in Fig. 14(a). Fig. 14(b) shows the input return loss
to be less than −10 dB across the targeted frequency band
of 30–80 GHz. The desired input phase control is achieved
using the abovementioned synthesis and is plotted across
frequency in Fig. 14(c).

Fig. 15. Chip microphotograph.

D. Measurement Results

The PA is implemented in a 65-nm bulk CMOS process
with reported peak fmax of 240 GHz for the transistors with
the lowest metal contacts. The microphotograph of the chip is
shown in Fig. 15 with the dimensions of 1.3 × 1.9 mm2. All
the PA cells operate from a supply voltage of 1 V and a bias
voltage of 0.7 V.

The measured large-signal output stage drain efficiency for
the digital codes across 37–71 GHz is shown in Fig. 16.
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Fig. 16. Measured large-signal performance across the frequencies.

The plots are all color-coded, i.e., each PA cell is represented
by a specific color in the measurement chart. The red color
implies that, for that specific point, PA1 dominates in the
four-way combining. Similarly, color codes of blue, violet, and
green, indicate domination of PA2, PA3, and PA4, respectively.
These different curves are compared with respect to the
class-A operation.

As can be seen, at the peak power, all the four PAs are fully
ON, indicating near-equal contribution of the output power
as expected. The codewords at the back-off levels of 6 and
9.6 dB are also shown across each of these frequencies. As can
be seen, for higher efficiency at 37 GHz, PA2 dominates for
6-dB back-off and PA3 for 9.6-dB PBO. At 71 GHz, PA3
dominates for 6- and 9.6-dB PBO levels to achieve higher
efficiency. We can further see that the degradation in efficiency
at the back-off levels over that of the peak is low with the
ratio ((ηout, −6 dB)/ηout, pk), varying between 0.58 and 0.81,
while ((ηout, −9.6 dB)/ηout, pk) varies between 0.42 and 0.62.
An efficiency enhancement of up to 3.2× over the class-A
operation is measured for 6-dB PBO and up to 5.8× is
measured for ≈9.6-dB PBO when compared with class-A
operation.

The measured Psat varies between 16.3 and 19.3 dBm across
37–73 GHz, as shown in Fig. 17(a). The measured output drain
efficiency, total drain efficiency (ηtot), and PAE are shown
in Fig. 17(b). The sharp decrease at 35 and 75 GHz is due
to the bandwidth limitation of the networks between the PA,
driver, and predriver stages. A peak Psat of 19.3 dBm is
measured at 50 GHz with ηout of 40.1% and PAE of 16.2%.
The drop in PAE over ηout is due to the overdesign and

significant dc power consumption in the driver and predriver
stages (∼235 mW at 50 GHz) when compared with the
main stage PA cells (∼212 mW at 50 GHz). The PA has a
small-signal gain of 15.6 dB and a large-signal gain of 8.5 dB
at 50 GHz. The measured ηout values at PBO levels of 3, 6, and
9.6 dB are shown in Fig. 17(c) with the peak values of 0.3 at
50 GHz for 3-dB PBO, 0.25 at 64 GHz for 6-dB PBO, and
0.19 at 64 GHz for 9.6-dB PBO. The measured Psat and ηout
values across the four different chips are shown in Fig. 17(d)
and (e). We can see that Psat varies by ≤1 dB across the
frequencies except at 50 GHz where the maximum variation
is 1.9 dB.

Fig. 18 summarizes the measured performance of the chip
and shows the comparison with the recent state-of-the-art
mm-Wave PAs in CMOS/SiGe processes. As can be seen,
the reported PA maintains high Psat with high efficiency across
a dual combination of wider PBO and wider frequency range.

VI. VSWR-AGILE PA IMPLEMENTATION

For practical validation of VSWR agility explained in
Section IV, a differential two-way combined two-stage PA
with neutralization capacitances is realized in 65-nm CMOS.
The schematic of the PA is shown in Fig. 19(a), where the
driver stages are sized to be one-third of the main stage
cells. The differential input is fed through a GSGSG port
and converted into differential-quadrature signals with an
on-chip differential hybrid [34]. The input is designed to
simultaneously achieve the required broadband input matching
with simulated S11 < −10 dB across 26–42 GHz and generate
the required phases across the range of operation, as shown
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Fig. 17. Measured PA performance. (a) Measured Psat. (b) Measured ηout, ηtot, and PAE. (c) Measured ηout at PBO levels of 3, 6, and 9.6 dB. (d) Psat
across multiple chips. (e) ηout across multiple chips.

Fig. 18. Comparison with the state-of-the-art mm-Wave PAs.

in Fig. 19(b). The interstage networks are transformer coupled
and are designed to cover the broad frequency range. Each
branch of the PA operates from a 1.1-V dc supply voltage.
The combiner network allows efficient back-off operation,
with frequency-dependent codes of the combining cells at the
back-off. In this RF-in/RF-out design, the back-off operation
is permitted through an adaptive biasing that is broadband
enough to allow high-speed envelope tracking with multi-Gb/s
modulation. The biasing values are tolerant to process vari-
ations (measured across two chips) and, therefore, can be
stored in an LUT for repetitive use after one-time calibration.
The objective of the design is to demonstrate broadband

peak power, high back-off efficiency, and VSWR tolerance.
The simulated performance of PA is plotted in Fig. 19(b),
in which PA delivers nearly 20 dBm with PAE > 20%. The
transmission-line-based combiner allows efficient back-off and
broadband performance, as shown in the simulated results
in Fig. 19(b).

A. Measurement Results

The PA is implemented in a 65-nm bulk CMOS process. The
die photograph of the silicon chip measuring 1.5 × 0.9 mm2

is shown in Fig. 20.



3012 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 68, NO. 7, JULY 2020

Fig. 19. VSWR-agile PA. (a) Complete circuit schematic. (b) Simulated performance.

Fig. 20. Die photograph of the VSWR-agile PA.

1) Continuous-Wave Measurement: The PA achieves the
peak PAE of 24% at 33 GHz and a Psat, −1 dB band-
width span 26–42 GHz (47%), as shown in Fig. 21.
The measured large-signal performance of the PA across
26–42 GHz (including 5G bands of 28/37/39 GHz) is shown

in Fig. 21. The PA delivers Psat of 19/19.6/19.2 dBm with
the PAE of 21.6%/21.9%/21.7% and P1 dB of 19/16/18.1 dBm
at 28-/37-/39-GHz bands, respectively. The performance of the
PA across the 6 dB and 9.6 dB PBO levels is also shown in
Fig. 21(a).

The architecture allows Doherty-like operation over the
band. As the back-off is varied by more than 9.6 dB (PAPR
for 64-QAM OFDM), linearity is maintained and efficiency is
enhanced considerably, as shown in Fig. 21. As shown in the
figure, the PA also achieves high PAE at PBO levels, with up
to 3.35× and 4.84× enhancement in PAE at the PBO levels
of 6 and 9.6 dB over the class-A operation (with PAE at the
peak power levels remaining the same) across the frequency
range. Fig. 21 also shows the measured AM–PM distortion
across the various bands. The high AM–PM degradation at
28 GHz is due to the limited dynamic range of the predriver
amplifier used in the measurement setup. The measurements
are carried out for two different chips, which shows a similar
performance, demonstrating the robustness of the design.

2) Modulation Measurement: The measured PA perfor-
mance with 64-QAM OFDM modulation with the 2-GHz
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Fig. 21. Large-signal measurements. (a) Performance across 26–42 GHz for the two measured chips. (b) Performance at 28/37/39 GHz with a 50-� load.
The class-A curve with PAE similar to the measured chip at peak power level is shown in gray for each of these plots for comparison.

Fig. 22. Modulation measurement with 64-QAM OFDM across 26–42-GHz
bands.

bandwidth across the 5G bands 28–40 GHz is shown
in Fig. 22. At 37 GHz, the PA achieves 9.8-dBm average
output power at a high PAE of 10.2% and an EVM of −24 dB.

3) VSWR Tolerance: To evaluate the VSWR tolerance of
the architecture, measurements are carried out using a fun-
damental load tuner from Focus-Microwaves. Since the PA is
differential, we use an external balun to convert the differential
output to single-ended output for VSWR measurements. The
performance of PA under load mismatch is shown in Fig. 23.
The PA is tested across different loads with VSWR 1:1, 2:1,
3:1, and 4:1. The PA shows robust performance across all of
them with ∼2-dB power degradation at the VSWR 4:1 load.
The PA also maintains a Doherty-like performance at the
back-off even when operated with up to VSWR 4:1 loads.

Fig. 23. Performance across VSWR loads up to VSWR 4:1 at 33 GHz.
Class-A curve is shown in gray.

For the load with � = 0.36 � − 94◦ (VSWR 2:1), PA shows
the efficiency improvement of 2.53× at 6-dB PBO and 3.47×
at 9.6-PBO, compared to classical class-A PA. Even with load
mismatch up to a VSWR of 4:1, i.e., � = 0.61 � −120◦,
the PA demonstrates PAE improvement of 2.55× and 3.85×
over class-A operation at 6- and 9-dB PBO, respectively.
The loss and the phase mismatch between the two paths
of the external balun restricted the points of measurement
on the Smith chart. The results are in well accordance with
the theoretical efficiency improvement analysis presented in
Section III.

The measurements demonstrate a robust PA perfor-
mance maintaining high linearity and back-off efficiency
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Fig. 24. Comparison table with state-of-the-art mm-Wave PAs with VSWR agility.

enhancement against VSWR events at 33 GHz up to 4:1 vari-
ations. The comparison table with the recent mm-Wave PAs
is shown in Fig. 24, in which this works demonstrates VSWR
agility in comparison to other reported works.

VII. CONCLUSION

In this article, we present a generalized multi-port network
synthesis approach for enabling reconfigurability across fre-
quency, back-off, and VSWR in a PA architecture. The method
presents a general treatment of exploiting mutual interactions
of an array of mm-Wave DACs in an asymmetric mm-Wave
combiner synthesizing the optimal impedances for efficient
operation across the aforementioned variations. As proofs of
concept, two silicon-based PAs are presented in a 65-nm bulk
CMOS process across 26–73 GHz. The first chip operates
across 37–73 GHz demonstrating peak Psat of 19.3 dBm
with ηout of 40% at 50 GHz and peak ηout, 6 dB of 25% at
64 GHz. The second chip operates across 26–42 GHz with
Psat > 19 dBm and PAE > 20% and with up to 3.35×/4.84×
enhancement in PAE at 6-/9.6-dB PBO levels, even under
varying VSWR conditions.
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