3452

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 54, NO. 12, DECEMBER 2019

A Watt-Level Phase-Interleaved Multi-Subharmonic
Switching Digital Power Amplifier

Aoyang Zhang™', Student Member, IEEE, and Mike Shuo-Wei Chen, Senior Member, IEEE

Abstract—This article presents a multi-subharmonic switching
(SHS) digital power amplifier (PA) architecture for enhancing
power back-off (PBO) efficiency while achieving watt-level output
power. The proposed phase-interleaved architecture provides the
inherent cancellation of the subharmonic components in the PBO
region, alleviating the burden of the matching network. The
proposed multi-SHS scheme can be further combined with a
class-G operation to create a greater number of efficiency peaks
in the PBO region. A transformer-based, three-way power com-
biner and a triple-stacking class-D driver are utilized to obtain
watt-level output power. The proof-of-concept PA prototype is
implemented with a switched-capacitor PA (SCPA) architecture
in 65-nm CMOS and achieved 30-dBm peak power at 1.9 GHz,
with 45.9%/41.3%/35.3%/32.2%/24.2% drain efficiency located
at 0-, =3.5-, —=7.0-, —=9.5-, and —12-dB PBO, respectively. The
average efficiency was 31.4% in real-time operation with a 7.2-dB
peak-to-average power ratio (PAPR) modulated signal.

Index Terms— Class-G, CMOS PA, efficiency enhancement,
efficiency, high power, multi-subharmonic switching (multi-SHS),
phase-interleaved, polar transmitter, power amplifier (PA), power
back-off (PBO), switched-capacitor PA (SCPA), subharmonic
switching (SHS), subharmonic.

I. INTRODUCTION

RIVEN by the increasing demand for data capacity,

modern wireless communication standards employ high
spectrum density modulations, given the finite bandwidth.
This type of modulation scheme often leads to a large
peak-to-average power ratio (PAPR) [1]-[5]. Transmitting a
large PAPR signal suggests that the power amplifiers (PAs)
operate in the power back-off (PBO) region most of the
time. Conventional PAs usually yield the highest efficiency
at peak output power but provide poor efficiency in the PBO
region. The PA average efficiency is the integration of the
power density function multiplied by the efficiency at different
power levels. Given existing communication schemes, such
as the 5G communication system, the PAPR can be larger
than 12 dB [6]-[8]. As the most power-hungry block in the
transmitter, enhancing the average power efficiency of the PA
plays a critical role in reducing the overall energy consumption
of communication systems [9]-[12].
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Fig. 1. SHS digital PA input waveform.

However, many techniques for enhancing PBO efficiency
typically enhance the efficiency down to the 6-dB back-off
point. An envelope-tracking PA can enhance the efficiency
in the deep PBO region [13], [14]. Based on the transmitted
signal envelope, the supply modulator changes the PA supply
instantaneously, which leads to high back-off efficiency.
However, a supply modulator with large bandwidth and
dynamic range could be a design challenge. Load modulation
is another alternative for achieving deep enhancement of
PBO efficiency [15], [16]. This technique can always provide
maximum efficiency at different output power levels by
tuning a matching network. However, making a wideband
tunable matching network that can sustain large voltage stress
continues to be a design challenge. Recently, a subharmonic
switching (SHS) digital PA architecture was proposed
in [17]-[19]. It naturally achieves PBO by toggling the switch-
ing PA cells at the subharmonic of the carrier frequency (Fc),
e.g., one-third of the Fc (see Fig. 1). This operation can reduce
the conduction loss of the PA, switched capacitance dynamic
loss, and provide better impedance matching. However,
to eliminate the unwanted subharmonic tones, additional notch
filtering is required to remove those spurs, which potentially
increases the order of the matching network. Although
the sharp notch response may be achieved with high-Q
off-chip components, doing so limits the PA bandwidth at the
carrier frequency. Therefore, we propose a phase-interleaved
architecture that inherently cancels the undesired spurs.
Meanwhile, this architecture can be used to increase the peak
output power of the PA, achieving watt-level output power.
Moreover, based on the SHS concept, a multi-SHS technique
is proposed to create a larger number of efficiency peaks over a
deeper PBO region, which enhances the PA average efficiency
as well as supports a higher PAPR signal. Finally, the proposed
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Fig. 2. SHS digital PA operation.

architecture can be further combined with other efficiency-
enhancement techniques to improve the average efficiency.

This article is organized as follows. Section II introduces
the operation principle and efficiency enhancement of the
proposed multi-SHS techniques and the phase-interleaved
architecture for the inherent subharmonic cancellation.
Section IIT shows the combination of multi-SHS with the
class-G operation. The optimization of intra-peaks efficiency
is also shown. Section IV describes the block diagram and the
implementation of the key building blocks in this prototype.
The static and dynamic measurement results are given in
Section V, followed by conclusions in Section VL.

II. PROPOSED MULTI-SUBHARMONIC
SWITCHING TECHNIQUE

A. Proposed Multi-SHS Operation

We first briefly review the concept of the SHS PA, as shown
in Fig. 2. In the peak power mode, the PA switching frequency
equals the carrier frequency. The matching network picks
up the fundamental of the square waveform as the carrier
frequency. As we notice here, the input switching waveform
is a square wave, and it contains odd-harmonic components,
assuming it is a 50% duty cycle. The power profile of the
harmonics is in the descending order (i.e., the third harmonic
is lower than the fundamental tone, and the fifth harmonic is
even lower).

The PA works in the SHS region when the PA toggles
at a subharmonic of the carrier frequency and chooses the
harmonic as the carrier frequency. It naturally achieves PBO
without turning off the PA cells or reducing the power supply.
For example, if we use the third subharmonic, Fc/3, to toggle
the PA cells, its third-harmonic component, i.e., Fc, equates
the carrier frequency. In this case, the output power at Fc
is 10 - log]O(('f3)2) dB lower due to the square switching
waveform and, hence, achieves PBO. Extending from the SHS
PA concept, we propose a multi-SHS scheme by using multiple
SHS waveforms, that is, there are multiple toggling frequency

Fi
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candidates for each PA driver cell. The selection of the actual
toggling frequency depends on the intended PBO level. In
other words, each PA driver cell can toggle at Fc/3, 2Fc/3,
or Fc. In the SHS PA, we have shown that Fc/3 waveform can
be generated via a divide-by-three circuit.

To generate 2Fc/3 for a multi-SHS PA, we propose a non-
uniform gating scheme to create the switching waveform. As
shown in Fig. 3, if we non-uniformly gate off one of the
pulses at Fc, it naturally derives the frequency of 2Fc/3. All
the PA driver cells simultaneously toggle twice every three
cycles. The output power possesses 10 - logl10((3/3)?) less
power compared to peak power mode. Assuming the PA unit
cell is lossless, the whole PA architecture can lead to an
efficiency peak at the —3.5-dB PBO point. More details of
the efficiency peak will be addressed in Section IL.B. Note
that the proposed non-uniform gating scheme allows a simple
implementation, as a window function can be directly gated
with the original waveform at the carrier frequency (Fc),
avoiding the need for a fractional-N frequency synthesizer.
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Fig. 4. Multi-SHS digital PA at different output power levels.

In addition, the same scheme can be easily extended to use
deeper subharmonics, such as Fc/5, 2Fc/5, and 3Fc/5, and
creates even more efficiency peaks.

B. Efficiency Enhancement in a Multi-SHS Digital PA

In this section, we analyze the efficiency enhancement
using a multi-SHS PA. There are three efficiency-enhancement
mechanisms in an SHS digital PA, including PA conduction
loss, impedance matching, and dynamic loss in a switched
capacitor bank. More detailed derivations can be found in [18].
A multi-SHS PA has the same efficiency-enhancement mech-
anism for PA conduction loss and impedance matching. The
switched capacitor dynamic loss is different compared to the
SHS digital PA. We focus on the dynamic loss savings to
validate the multiple efficiency peaks created by the multi-
SHS scheme.

Fig. 4 shows the multi-SHS switched-capacitor PA (SCPA)
in different power regions. The efficiency can be improved by
operating different subharmonics between the efficiency peaks.
To derive the power and efficiency equations under a multi-
SHS scheme, the conventional SCPA output power and drain
efficiency (DE) equations considering the switched capacitor
dynamic loss are repeated here [20]

Psc = PIr(f\;\‘ric"’j{),y_]pil!’_'c
T 1(1)2@
out KZ N RL
i _ Pout _ 1 (1)
v Pouw+Psc 1+ %(N;n) QLE)AD
2 FcL 1
| QLoaD =~ = = ST FeCRL

where N is the total number of digital PA branches. Assuming
the number of toggling PA cells is n, dynamic power loss Psc
and output power P, are shown in equation (1).

Here, we will derive theoretical efficiency and dynamic
loss of multi-SHS in the representative PBO. We assume that
(N — M) and M of the PA cells will toggle at the frequency
of Fsyi and Fsya, respectively. By design, { Fsy) and Fspz}
is the subset of adjacent frequency candidates, namely, funda-
mental, subharmonic frequencies, and 0, where Fsy1 > Fsua.
Note that when the toggling frequency is zero, it indicates that
the PA cell does not toggle. Next, a generalized multi-SHS PA
dynamic loss, output power, and efficiency can be derived as

M(N-M

Psc = %CVDD(FSHI Fsu2)

p 2 (N—MFsm M Fsm\* Vip

“T 22\ N Fc 'N Fc ) Ry

] ’fD - Pout (2)
um‘l'PSC
1+ x M(N— M!chFsm Fspp) 1
4 [(N=M)Fsp1+MFsp] QLDAD

While (2) describes a general case of multi-SHS PA, our
silicon prototype uses the third-subharmonic frequencies, i.e.,
the toggling frequency candidates include Fc, 2Fc/3, Fc/3,
and 0. As shown in Fig. 4, when the PA operates between
0- and —3.5-dB PBO, a portion of the PA cells starts to toggle
at 2Fc/3, while the rest toggle at Fc. The frequency difference
results in some charge redistribution and, thus, introduces
some energy loss in the capacitor bank. When the PA operates
between —3.5- and —9.5-dB PBO, the PA cells toggle at either
2Fc/3 or Fc/3. The dynamic loss is smaller compared to that
of the conventional SHS PA. When the PA operates at the
< —9.5-dB PBO region, a portion of PA cells starts to turn off,
resulting in efficiency roll-off. The PA efficiency and output
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Fig. 5. Example of a multi-SHS digital PA operation table.
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power follow those of the SHS PA [18]. The ideal efficiency
under different PBO regions can be expressed as

1

D= il A T n(N—M) 1 3 Puui c0~—-35dB
4 (N—M/3)? QLoap
1
28 x 3M(N-M) 1 ° Pye—3.5~—-95dB (3)

1+ aN_my? Ciomo
1
=TT T
4 M/3 Oroap

Fig. 5 shows the 4-bit multi-SHS lookup table (LUT) to
illustrate the operation, while the actual implementation is
8-bit with class-G. The general LUT design guideline is to
minimize the equivalent capacitance, which requires more PA
unit cells to be turned on simultaneously. Note that at certain
output power level, the PA cells can operate with different
subharmonics. With this hybrid operation, efficiency between
the peaks can be optimized as well.

The efficiency tradeoffs with P,, for multi-SHS, single-
SHS digital PA, and conventional SCPA are plotted in Fig. 6.
In this comparison, the loaded quality factor Qpoaded is fixed
to 1. The PBO efficiency curve indicates that the multi-SHS
PA PBO efficiency is always higher than other alternative
architectures. Note that the multi-SHS can further combine
with other efficiency-enhancement techniques to improve the
deep PBO efficiency.

Pyt —9.5 ~ —13 dB.
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C. Phase-Interleaved Subharmonics Inherent Cancellation

Unwanted subharmonics can violate the mask and degrade
the PA efficiency if they appear at the transmitter output
waveform. These spurs can cause reciprocal mixing or violate
the emission mask [21]. Notch filtering embedded in the
matching network is required, which inevitably increases the
matching order and complexity. It becomes worse when we
use the multi-SHS scheme, as there are multiple subharmonic
frequencies to be notched. We propose the phase-interleaved
PA architecture to cancel the undesired subharmonics before
the power combiner without introducing additional power
loss.

Fig. 7 shows the phase-interleaved power combining under
two different input switching waveforms. Assuming the PA
voltage signal is Vpa; (i = 1, 2, 3) and the PA output
impedance is Rpa ;, the current in the primary winding of the
transformers can be calculated by using the superposition the-
orem [22]. The primary current of the three-way transformer-
based combiner can be written as

- ni(mVea1 +n2Vea2 +n3Vea3)
P"" Rp+ (n}Rpa,1 +n3Rpa2 +n3Rpa3)
The output impedance is Ry, and the transformer turn ratio
is n;. The transformer impedance seen by each PA becomes
Zi — (R + (H%RPA,] +n3Rpas + ngRPAJ)) Vpa,i
n;(n1Vpa,1 +n2Vpa,2 +n3Vpa 3)

“)

— Rpa ;.

(&)

It is clear that the transformer impedance seen by each
PA is related to load impedance R; and the output voltage
signal (the magnitude and the phase) of all the PA cells.
Based on the observation, if the summation of the three
voltage signals becomes zero, then the impedance seen by
each PA is infinity, which can potentially reject the unwanted
subharmonics. Assuming the turn ratio n; of the three coils is
equal to n, three PAs have the same output impedance Rpa;
when the three PA voltage signals are in phase, the primary
current of each PA cell can be written as

_ n*(Apa,1 + Apa2 + Apa 3) sin (1)

I, = 6
P Ry +3n?Rpa ©
The transformer impedance can be written as
R + 3n*Rpa) Apa,; sin (wt)
( Ao, Rea.  (7)

"7 n2(Apa,1 + Apa2 + Apa 3) sin (of)
The current waveform and the voltage waveform are in
phase. The transformer impedance seen by each PA is iden-
tical. The power is combined at the secondary winding side.
If the three PA voltage signals are 120° apart, then the primary
current becomes

n2

=— "~ _
P Rr +3n2Rpa 3

4
+ Apa 3 sin (wr F ?’r)) . ®)

As observed in (11), if three PAs present the same magni-
tude A, the primary current becomes zero in this condition.
In other words, output impedance Z; seen by the PA is infinity,

2
(APA,] sin(wf) + Apa 2 sin (a)f — _}r)
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Fig. 7. Equivalent circuit model of ideal three-way phase-interleaved multi-SHS PA with different input switching waveforms.

and the unwanted signal gets rejected from the primary side
with a certain phase difference. Although the voltage signal is
non-zero, the power loss, which equals the integration of the
voltage multiplied by the current, becomes zero due to zero
primary current. More importantly, as long as the summation
of the three PA voltage signals becomes zero, the Ry value
will not affect the results of the cancellation. In other words,
the cancellation of the subharmonic component is effective
over different voltage standing wave ratios (VSWRs).

Based on the discussions in this section, if the desired
carrier frequency component is in phase and the subharmonic
frequencies are out of phase, we can combine the output
power at the desired frequency and inherently cancel the
unwanted subharmonics. The phasors in Fig. 7 show inher-
ent cancellation in Fc/3 and 2Fc/3 frequency components,
while the Fc frequency components are added coherently.
The phase-interleaved Fc/3 and 2Fc/3 square waves contain
Fc/3 components 120° apart and 2Fc/3 components 240°
apart, where the Fc components are combined in phase.
In conclusion, all the unwanted subharmonics components
are nullified, except for the residual errors due to magni-
tude and phase mismatches, which will be discussed in the
following.

1) Amplifude Mismatch: So far, we assume all three PA
banks are identical. However, in a real implementation, there
will be mismatches between different PA banks. PA magnitude
and phase errors can degrade the effectiveness of the inherent
cancellation, as we can observe from the measurement results.
Here, we first analyze the impact of magnitude mismatches on
the PA output spectrum. Considering one of the PA magnitudes
now becomes (A+ A A), the corresponding current and voltage
at Fc/3 derived from (7) can be written as

2 3
n wc
I, ( )=—" Sy v(—r)
RL+3-‘12RPA,Z e
Vpa,1 (E ) (A + AA)sin (—r)
3 3 9)
Vi (aJC ) cacr_’_ 2
PA2 3 3
wc wc 4r
Vo[22 = e [ B 22,
k PA,3 3 ( h 3)

The subharmonic power, Psy;, is the integration of the
product of the voltage and current at subharmonic
C

r T AA(A+AA)n?
PSH 1 —/ 3 f) T R

V (
24l Rr +3n2Rpa
wC wC T
Psiaz = I ( ) Vi (—r) e, ST ERE
B / EXig e g 2 R+ 3n?Rpa

AA - An?

P /2” C V (wc t) x AA-An?
SHA= 3 PAS\3 ) T T 2R +3n2Rps’
(10)

Assuming the transformer is lossless, the total subharmonic
power Psy at the undesired subharmonic can be written as

x-AA%.n?

T 11
Rr + 3n2Rpa (1)

3
Psy = Z Psy,i =
i=1
We can observe that the undesired power due to gain
mismatch is proportional to AA?. The corresponding current
and voltage amplitudes at Fc are three times smaller than the
subharmonic
2

n A
I )= ———— —sin t
ploct) Ry 7 372Rm 3 (oct)
A+ AA .
Vea1(wct) = sin(act)

(12)

A
Vpa2(awct) = 3 sin(ect)

A
Vea 3(oct) = 3 sin(wct).

Similar to (10), the total output power considering the
amplitude mismatch at Fc becomes

3
Pout = Z Pppi =
i=1

Therefore, the amplitude mismatch-induced SFDR becomes

P 3A+ AA
SFDR = 10lg—=* it e
Psy 3.-AA

From (14), one can calculate the amplitude mismatch
requirement for this PA architecture. As an example, when
AA/A~1%, SFDR is roughly 40 dB. To meet the mask and

7 - (BA+ AA)? . n?
9.(Rr +3n?Rpa)

(13)

= 20lg (14)
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EMI/EMC requirement, the proposed non-overlapping clock
is utilized to calibrate the amplitude difference of each path.

2) Phase Mismatch: Next, we discuss the effect of the phase
error. Assuming all the three PAs are matched, except that
one PA presents a phase offset A@, the current and voltage
equations are

An %
I (eoct) = m Z Vpa,i(ect)
Vpa,1(wct) = Asin(owtf + AB)
2r (15)
Vpa 2(wct) = Asin (a)f + T)
4
Vpa 3(wct) = Asin (a)f + ;)

Similarly, the subharmonic power of each PA can be
expressed as

P PAE 5 cos(A))
== — COS
ST RL + 3n2Rpa
2 42
n“Am 1 1
P = — cos(A# Pl sm A6
SH2 = B3 ap (2 5 2=l )+ ( ))
n2A%x 1 1
P = AB) — — Ad
SH3 = B 3R\ 2 COS( ) Slﬂ( ) )
(16)

As a result, the total subharmonic power Psy becomes

3
Psy = Z Psy; =
i=1

From (17), it shows that the power at the unwanted subhar-
monic frequency is a function of cos(A#), which is relatively
insensitive when the phase error is small.

Similar to the derivation of amplitude mismatch, the total
output power considering the amplitude mismatch at Fc
becomes

Dut—ZPPAJ_

Therefore, the amplitude mismatch-induced SFDR becomes
5 4+ 4cos(3AH)
%8 18(1 — cos(AB))’

From (19), when A9 equals 1.8° at Fc, it yields roughly
40-dB SFDR. The phase detector and tunable delay cells
are implemented on-chip to calibrate the phase mismatch
between different channels. The delay cells have a 0.2-ps
tuning resolution with 2-ns tuning range, i.e., 10-bit resolution.

Note that the calculated SFDR, since both amplitude
mismatch and phase mismatch assume the matching network
and antenna, presents an all-pass response. In reality,
additional attenuation can be achieved via matching network
and antenna’s selectivity, which suggests better SFDR
between fundamental and subharmonic components.

In the real implementation, there are more mismatch
sources, such as PA output impedance Rps and transformer
coupling factor n;, which can be analyzed in a similar analysis

2m2A%x

——(1 - AB)).
TR RPA( cos(AB))

an

- (5 + cos(3AH))
9 (RL +3n2Rps)

(18)

{ et
SFDR = 1010g = 10lo

(19)
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strategy. In addition, due to the associated parasitic inductance
from the transformer, the current at the subharmonics is non-
zero. Fortunately, the current waveform remains 90° out-of-
phase with the voltage waveform, and thus, it still achieves
the cancellation and zero power loss.

III. MULTI-SHS AND HYBRID CLASS-G OPERATION

The phase-interleaved multi-SHS operation can be
further combined with other existing efficiency-enhancement
techniques to further improve the average efficiency under
different PAPRs. All three PA banks must maintain the same
input switching pattern and the same supply configuration
to guarantee that the output power of each PA bank is
identical, which results in effective cancellation on all the
subharmonics, as the equations shown in Section II.

In this section, we introduce a multi-SHS digital PA with the
hybrid class-G operation to optimize efficiency for different
PAPR signals. The class-G operation changes the power supply
of each PA driver to create different output power levels.
In the real implementation, we chose either 2Vpp or 3Vpp
for class-G, and either Fc/3 or 2Fc¢/3 for multi-SHS, to achieve
five ideal efficiency peaks located at 0, —3.5, —7.0, —9.5, and
—13 dB (see Fig. 8). The efficiency between the peaks can
be further improved by toggling the cells of each PA with
different supplies and input switching frequencies.

In addition, the efficiency between the peaks can be further
improved by toggling the cells of each PA with different sup-
plies and input switching frequencies (see Fig. 8). To optimize
the efficiency between the peaks, the general guideline is to
reduce the equivalent capacitance from the capacitor bank and
minimize the toggling overhead. From 0- to —3.5-dB PBO,
the hybrid class-G operation is utilized to create the PBO and
enhance efficiency. From —3.5- to —7-dB PBO, all the PA cells
are tied to 2Vpp but with different input switching frequencies.
As an example, shown in Fig. 8, two PA cells toggle with Fc,
and one PA cell toggles at 2Fc/3 at —4.5-dB PBO. Note that all
three PA banks must keep the same configuration to maintain
the same output power. Therefore, the subharmonic inherent
cancellation requirement can be satisfied.

Between —7- and —9.5-dB PBO, all the PA cells toggle
at different supplies and input switching frequencies. For
example (see Fig. 8), in each PA bank, two PA cells toggle at
2Fc/3 with 2Vpp, and one PA cell toggles at Fc/3 with 3Vpp at
—7.8-dB PBO. From —9.5- and —13-dB PBO, all the PA cells
have the same input switching frequency, Fc/3, and different
supplies. In Fig. 8, all the PA cells toggle at Fc/3 with the 2Vpp
and 3Vpp supplies, which creates —11.7-dB PBO. Based on
the optimal efficiency value, we determine the combination
of different supplies and switching frequencies. Note that the
phase-interleaved subharmonic cancellation is effective for all
amplitude levels, as the input waveforms of each PA bank are
the same except for the 120° phase shift between them. The
compiled LUT is fully synthesized in the multi-SHS block.

IV. CIrRcUIT IMPLEMENTATION

A. Overall Block Diagram

Fig. 9 shows the top-level block diagram of the phase-
interleaved multi-SHS PA prototype. The prototype adopted
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Fig. 8. Complete phase-interleaved multi-SHS digital PA with the hybrid class-G operation.

the polar architecture with the consideration of high efficiency.
The input paths contain amplitude modulation (AM) and phase
modulation (PM) paths. The differential PM signal first passes
through the current-mode logic (CML) buffers and converts to
the rail-to-rail CMOS-type PM signal. Then, the PM signal is
distributed to three local phase generators with different con-
trol settings. The phase generator creates three phase signals,
including a delayed original PM signal (Fc), a divide-by-three
PM signal (Fc/3), and a non-uniform gated PM signal (2Fc/3).
To mitigate time skew between different phase generators and
different PM signals, phase detectors and tunable delays are
implemented. The generated phase signals then pass through
the high-speed multiplexer (MUX). Note that the phase control
signal is retimed with the original PM signal to avoid phase
glitches. Depending on the AM LUT, the MUX selects the

PM signals corresponding to the intended PA input switching
frequency.

The 8-bit AM signal and the clock signal are generated
off-chip using the low-voltage differential signaling (LVDS)
format. Depending on the modulated signal bandwidth,
the sample rate of the AM signals can be set up to 1 GS/s. The
AM signal is first sent to a digital decoder, which generates
the LUT for multi-SHS with the hybrid class-G operation.
The LUT outputs contain the amplitude code, phase control
word, and supply control word to control the phase-interleaved
PA core. All the control signals are properly retimed and
phase-aligned for the multi-SHS operation. An “H-tree” lay-
out strategy is utilized to minimize the time skew between
different channels and control signals. Note that each PA
bank must maintain the same amplitude code to generate the
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Fig. 9. Block diagram of the PA prototype.

same output power. It guarantees the subharmonic cancellation
under all the different output power levels, as we discussed in
Section II.

The desired PM signal and amplitude code are combined in
the polar combiner before the PA drivers. The non-overlapping
clock is implemented to generate non-overlapping PA input
signals to suppress the crowbar current, which can improve the
class-D driver peak efficiency. It also achieves an equivalent
resolution of 1.2 mV in the voltage domain to fine calibrate the
unwanted subharmonic spurs. We use a three-stacking class-
D driver to enlarge the output voltage. Depending on the
control LUT, the driver can work in the 2Vpp and 3 Vpp modes
separately. The load-pull simulation includes all the PA drivers
that are matched to the load that generates the best efficiency
point. More implementation details about the triple stacking
drivers can be found in [23]. The PA driver outputs connect
to the capacitor bank. The custom-designed precise MIM
capacitor is implemented to result in differential nonlinearity
(DNL). Finally, an on-chip three-way power combiner is used,
which is described in the following Section IV.B.

B. Three-Way Power Combiner

The proposed transformer-based power combiner provides
four main objectives in this PA prototype: power combining,
inherent subharmonic cancellation, differential to single-
ended conversion, and impedance matching. Fig. 10 shows
the singled-ended equivalent circuit of the transformer. First,
each of the transformers sees a differential Ry /3 load (single-
ended Ry/6) due to the three-way power combiner. There
are two turns for both primary and secondary sides to obtain
enough inductance. The transformer’s intrinsic inductance,
together with the switched capacitor bank, will convert the
load impedance to the PA optimum load impedance at the
carrier frequency.

PA with Single-ended Transformer
2:2 (1-k)-Ls

! ]
! ]
! i
i >C (1-k)-Lp :
| h’ 0 7 — 0 |
] Ib

' Optimum Load K 'LP%% % RL/G% E
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! - = = =
! ]

Impedance

Fig. 10. Three-way power combiner model in HFSS.
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Fig. 11. Simulated PA load impedance Zj versus frequency.

Fig. 11 shows the simulated PA load impedance Z; versus
the frequency. The result shows that the impedance is around
5.5 Q with 1-Q variation from 1.45 to 2.25 GHz, achieving
wideband impedance transformation with low loss. The match-
ing load impedance is designed as 5.5 Q to provide optimum
efficiency and output power.

The “figure 8 power combiner structure could be a poten-
tial candidate for a high-efficiency high-power PA design, as it
helps reduce mutual coupling between adjacent primary coils.
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Fig. 12. Three-way power combiner model in HFSS.
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Fig. 13. Simulated S7; of the power combiner over the frequencies.

However, for the “figure 8” structure, all the primary windings
are not symmetric with respect to the secondary, thus intro-
ducing an inherent amplitude and phase mismatch. Therefore,
we choose the same 2:2 transformer footprint to keep the
impedance conversion ratio symmetric. The parasitic coupling
between the primary and secondary windings of the power
combiner is minimized via layout optimization. It reduces
the ratio of direct subharmonic coupling to the PA output,
as it would have undermined the efficacy of subharmonic
cancellation otherwise. To make it symmetric, the secondary
coil of each PA bank always connects from the top side and
connects to the adjacent channel. The coupling between the
primary and secondary coils is balanced. Note that additional
calibration circuitry is implemented to balance the asymmetric
output trace of the transformer. The three-way power combiner
is modeled and simulated in HFSS (see Fig. 12). It shows less
than 2-dB insertion loss over 1-GHz bandwidth (see Fig. 13).

C. Multi-SHS PM Generator

To generate the multi-SHS waveform, we use three
local PM generators to create three different subharmonics,
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Fc, 2Fc/3, and Fc/3. The same Fc signal is distributed to three
PM generators. For each PM generator shown in Fig. 14, it
contains a one-third divider, Fc/3 pulse generator, 2Fc/3 pulse
generator, tunable delay line, and output MUX. The one-third
divider first generates the Fc/3 signals from OUT; to OUTg,
which have a 33% duty cycle with six different phases. The
2Fc/3 pulse generator and Fc/3 pulse generator will create
the 2Fc/3 and Fc/3 subharmonics, respectively. The tunable
delay line delays the original PA signal to align with these
subharmonics. The layout is balanced for each building block
to reduce the phase skew between different channels. The
output MUX selects the desired phase and sends to each PA
unit cell. The tunable delays are implemented to calibrate the
subharmonics mismatch, which is described in Section II.

V. MEASUREMENT

The phase-interleaved multi-SHS PA prototype is imple-
mented in the 65-nm bulk CMOS process with a die size
of 3 mm x 2.4 mm (Fig. 15). The chip is directly mounted
on the PCB to minimize the bond wire inductance to the
PA supplies. The PA pre-drivers operate from 0 to 1.2 V.
The PA output drivers are powered by either 2.4 or 3.6 V,
as described previously, i.e., 2Vpp and 3Vpp, respectively.
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To test this digital PA, we send the 12-bit PM digital code to
an off-the-shelf evaluation board (AD9779) for generating the
phase-modulated signal. With technology scaling, additional
bits could be implemented to pursue higher linearity.

A. Continuous Wave Test

We first characterize the PA peak performance by mea-
suring the PA peak output power (Psat) and the peak DE.
The measured results under different frequencies are shown
in Fig. 16. The measured PA peak output power and efficiency
are 30 dBm and 45.9%, respectively, for a center frequency
of 1.9 GHz. The measured 1-dB power bandwidth is more
than 500 MHz. The efficiency is more than 40% between
1.8 and 2.3 GHz. The reported DE includes all the phase
generators, polar combiners, level shifters, pre-drivers, output
stages, and the transformer-based power combiner.

Figs. 17 and 18 show the measured PA back-off efficiency
under different output power levels. Compared to the
simulation results, the efficiency is around 10% lower than
the measurement results. There is a total of five efficiency
peaks due to the pre-compiled multi-SHS with hybrid class-G
operation LUT, as described in Section III. At 1.9 GHz,
the five efficiency peaks are located at 0, —3.5, —7.0, —9.5,
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and —12 dB, indicating 45.9%/41.3%/35.3%/32.2%/24.2%
output DE. The measured power efficiency improves as much
as twofold at —12-dB PBO over the normalized class-B PA.
At 2.2 GHz, a similar efficiency roll-off curve has been
observed. The five efficiency peaks located at 0, —3.5, —7.0,
—9.5, and —12 dB indicate 42.4%/36.1%/30.8%/27.3%/20.7%
output DE. The measured power efficiency improves as much
as 1.8X at —12-dB PBO over the normalized class-B via the
proposed architecture. Note that the measurement shows that
the efficiency peaks are not exactly located at the theoretical
PBO points. For example, the last efficiency peak is located
at —12-dB PBO. However, the theoretical results indicate
—13-dB PBO. The reason for this offset is that the PA output
saturates when the output power is high. It makes all the
PBO efficiency points move closer to the peak point, which
leads to —12 dB in this case. The efficiency roll-off curve is
based on the pre-calculated LUT, using MATLAB simulation
results, which yield the best efficiency among all the other
combinations.

The AM—AM and AM-PM non-linearities at 1.9 GHz are
shown in Figs. 19 and 20. They were measured by sweeping
the amplitude codes. Note that the input code in Fig. 20 is
flipped compared to the AM—AM characteristic curve. There
is a wiggle shown in the AM—PM curve because of the non-
linearity from the different PBO region of the PA operation,
which matches the hybrid operation. Note that the AM-PM
non-linearity is relatively large compared to that in other
work [24]. One potential reason is that the watt-level PA cell
yields a larger footprint, which leads to larger mismatch. This
issue can be mitigated by technology scaling and better layout
techniques. The discontinuities in AM—PM happened when the
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PA switches to different PBO regions under the synthesized
LUT, e.g., switching from 3Vpp to 2Vpp due to the hybrid
class G operation. The AM—AM and AM-PM characteristic
curves are used to create pre-distorted input digital patterns
for the dynamic measurement. The chip has been tested
under different voltage and temperature corners. When the
temperature increases from 25° to 100°, the AM—PM variation
is around 5°. The AM-PM non-linearities with 1-, 1.2-, and
1.4-V supplies become 21°, 25°, and 35°, respectively.

B. Phase-Interleaved Subharmonic Cancellation

To validate the proposed phase-interleaved operation,
we measured the worst case spur under multi-SHS with a
hybrid class-G operation. In this case, all the PA cells toggle
at the Fc/3 with the 2Vpp supply. In Fig. 21, all the PA cells
first toggle at Fc/3 with zero phase difference. Although the
matching network provides a bandpass shape at the carrier
frequency, the attenuation is not sufficient to suppress all
the spurs. The output spectrum shows large unwanted tones
located at Fc/3 and 2Fc/3.

The effectiveness of performing subharmonic cancellation
in the phase-interleaved scheme is shown in Fig. 21. In this
case, the three interleaved PA channels toggle at Fc/3 with
120° apart. Only the Fc component is aligned in phase,
while the phases of the unwanted Fc/3 and 2Fc/3 components
are theoretically canceled. As we can see from the output
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Fig. 22. Measured PA output spectrum at —7-dB PBO for in-phase and
phase-interleaved subharmonic operation with all the PA cells toggle at 2Fc/3.

spectrum, the output power at the carrier frequency remains
the same. The worst case spur is reduced by 37.2 dB, limited
by the matching property between the phase-interleaved
paths. The difference between the desired tone and the largest
unwanted subharmonic is around 50 dB, which satisfies
the mask requirement of most communication standards.
Fig. 22 shows all the PA cells toggle at 2Fc/3. Similar to the
Fc/3 case, the worst case spur is reduced by 40 dB, achieving
58-dB SFDR. Due to the large output power, the EMI/EMC
requirement may be violated. Antenna with frequency selec-
tivity can be implemented to provide additional attenuation.

C. Dynamic Measurement

The dynamic performance of the PA is evaluated using a
5-MHz, 52 sub-carrier, 16-QAM OFDM signal with a 7.2-dB
PAPR. As noted, the PA is first pre-distorted by AM—AM and

Authorized licensed use limited to: University of Southern California. Downloaded on May 29,2020 at 17:56:58 UTC from IEEE Xplore. Restrictions apply.



ZHANG AND CHEN: WATT-LEVEL PHASE-INTERLEAVED MULTI-SHS DIGITAL PA

TABLE I
PERFORMANCE COMPARISON WITH OTHER CMOS PAs
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[36] 38] [39] [40] M [41] [42]
Specifications This work D. Cousinard | V. Vorapipat S, Hu K. Onizuka P. A. Godoy S. Yoo R. Bhat W Tai
ISSCC 2017 | 1SSCC2017 | ISSCC2015 | ISSCC2013 | JSSC2012 | JSSC2019 | JSSC2017 | JSSC 2012
Architecture Watt Level SHS PA CMOS PAs with Efficiency Enhancement Techniques CMOS PAs with Watt Level Output Power
Process [nm] 65 28 45 65 65 65 65 65 45
Frequency [GHz] 19 22 248 35 3n 1.8 24 22 22 24
Max Pout [dBm] 30 287 28.2 253 26.7 272 277 30.1 30.3 315
Peak DE [%] 459 424 39 3043 40.2 30 45.1% 3t 341 27t
-35dB DE [%] M3 36.1 33+ 267, * 325% 241, * 391, * 307, * 241, * 2%, *
-7 dB DE [%] 353 30.8 23* 231, 35* 191, * KT 255" 183, * 17¢,*
-9.5dB DE [%] 322 273 18* 19, * 315*% 141, * 245, % 171, * 143, # 14f, *
-12dB DE [%] 242 20.7 14% 17.43 262 93, * 221, * 124, * 1% 12%, *
PAPR dB 7.2 57 6.3 58 59 75 76 6.5 6.7
Average DE [%] 31.4¢ 30 24% 28.8 18} 2761 1831 16§ 161
Power Supply V] 24/3.6 22 1.212.4 311.65 33 IE%S;:]' i; 2.511.2 26 24
EVM [dB] -24.7% -25 -35.8 -24 22 =314 -40.3 -30 -25
Modulation 160AM 64QAM 256QAM 16QAM 64QAM 84QAM 256QAM 64QAM B4QAM
OFDM5MHz | OFDM 20MHz | OFDM 20MHz | SC1MHz | OFDM 20MHz | OFDM 20MHz | SC20MHz | SC14MHz | OFDM 20MHz
Matching Network On-Chip On-Chip On-Chip On-Chip On-Chip Off-Chip On-Chip On-Chip On-Chip
PBO Efficiency Multi-SHS Doherty/ Doherty/ Supply 1Q Shared/ Current
Enhancement Tech [Class-G PolarPWM | (lage-G Class-G Switching N Class-G Switching
*Estimated from reported figures SC: Single Carrier
{Reported power added efficiency (PAE) tMeasured at center frequency 1.9GHz
Rng 20.05 dB i
1% |nEgVM "‘24 7dB]| Rng 20.05 dBm 10dB/div
—e [ Close-In PSD |
A
¥ “ ' rl
300 ! )
: I i
Idiv I‘ \ [ [ (
|
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-2573 25733 Res BW 78.125 kHz Span 12.5 MHz
Fig. 23.  Measured EVM for real-time multi-SHS and hybrid class-G ) . . .
operation. Fig. 24. Measured spectrum for real-time multi-SHS and hybrid class-G
operation.

AM-PM LUTs. The average drain efficiency achieves 31.2%
under real-time digital pre-distortion (DPD) operation (i.e.,
transmitting the modulated signal under the complied LUT
operation).

The PA in-band and out-of-band linearities have been
characterized. It achieves 22.8-dBm average power with an
EVM of —24.7 dB (see Fig. 23). Fig. 24 shows the measured
close-in PSD characteristics. The ACPR is —26.5 dBc before
calibration and —35-dBc after calibration. The poor linearity is
mainly because of the memory effect when the PA generates
large output power. The poor linearity can be improved by
reducing the output power level or using advanced DPD and
memory effect calibration [25]-[35].

Table I summarizes the measured performance compared
to other state-of-the-art CMOS PAs with different PBO
efficiency-enhancement techniques [11], [36]-[42]. The PA
prototype delivers 30-dBm peak output power with a 45.9%
peak DE at 1.9 GHz. Table I shows a comparison of the DE
at 0-, —3.5-, —7.0-, —9.5-, and —12-dB PBO, where the PA
prototype shows improved deep PBO efficiency. Compared
to other CMOS watt-level PAs, the efficiency improvement is
even more significant, where real-time multi-SHS with hybrid
class-G operation in this work achieves 31.4% average DE.

VI. CONCLUSION

This article presents a watt-level phase-interleaved multi-
SHS digital PA. A phase-interleaved structure is demonstrated
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for inherent subharmonic cancellation. To achieve watt-level
output power, stacking PA drivers and power combining
techniques are implemented. Multi-SHS is proposed to
enhance PBO efficiency. Multi-SHS can be combined with
hybrid class-G to further improve the average efficiency. The
PA prototype enables watt-level peak output power with good
PBO efficiency compared to the state-of-the-art CMOS PAs.

(1
21
31

(41

(51

(6]

(7

(81

91

[10]

(1

[12]

[13]

[14]

[15]

[16]

(7

[18]

[19]

REFERENCES

M. K. Kazimierczuk, RF Power Amplifiers, 1st ed. Hoboken, NJ, USA:
Wiley, 2008.

S. C. Cripps, RF Power Amplifiers for Wireless Communications, 2nd ed.
Boston, MA, USA: Artech House, 2006.

L. Ye, I. Chen, L. Kong, E. Alon, and A. M. Niknejad, “Design
considerations for a direct digitally modulated WLAN transmitter with
integrated phase path and dynamic impedance modulation,” IEEE J.
Solid-State Circuits, vol. 48, no. 12, pp. 3160-3177, Dec. 2013.

D. Chowdhury, S. R. Mundlapudi, and A. Afsahi, “A fully integrated
reconfigurable wideband envelope-tracking SoC for high-bandwidth
WLAN applications in a 28 nm CMOS technology,” IEEE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017, pp. 34-35.
L. Xiong, T. Li, Y. Yin, H. Min, N. Yan, and H. Xu, “A broadband
switched-transformer digital power amplifier for deep back-off efficiency
enhancement,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2019, pp. 76-78.

S. Li, T. Chi, J.-S. Park, H. T. Nguyen, and H. Wang, “A 28-
GHz flip-chip packaged Chireix transmitter with on-antenna outphasing
active load modulation.” IEEE J. Solid-State Circuits, vol. 54, no. 5,
pp. 1243-1253, May 2019.

D. Y. C. Lie, J. C. Mayeda, Y. Li, and J. Lopez, “A review of 5G
power amplifier design at cm-Wave and mm-Wave frequencies.” Wireless
Commun. Mobile Comput., vol. 2018, Jul. 2018, Art. no. 6793814.

1. Chen et al., “A digitally modulated mm-Wave cartesian beamforming
transmitter with quadrature spatial combining,” in JEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2013, pp. 232-233.

A. Afsahi, A. Behzad, and L. E. Larson, “A 65 nm CMOS 2.4 GHz
31.5 dBm power amplifier with a distributed LC power-combining
network and improved linearization for WLAN applications,” in I[EEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2010,
pp. 452-453,

Z.Bai, W. Yuan, A. Azam, and J. S. Walling, “A multiphase interpolating
digital power amplifier for TX beamforming in 65 nm CMOS,” in IEEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2019,
pp. 78-80.

S.-W. Yoo, S.-C. Hung, and S.-M. Yoo, “A watt-level quadrature class-G
switched-capacitor power amplifier with linearization techniques,” [EEE
J. Solid-State Circuits, vol. 54, no. 5, pp. 1274-1287, May 2019.
S.-M. Yoo et al., “A class-G switched-capacitor RF power amplifier,”
IEEE J. Solid-State Circuits, vol. 48, no. 5, pp. 1212-1224, May 2013.
D. Kang, B. Park, D. Kim, J. Kim, Y. Cho, and B. Kim, “Envelope-
tracking CMOS power amplifier module for LTE applications,” IEEE
Trans. Microw. Theory Techn., vol. 61, no. 10, pp. 3763-3773, Oct. 2013.
R. Wu, Y.-T. Liu, J. Lopez, C. Schecht, Y. Li, and D. Y. C. Lie, “High-
efficiency silicon-based envelope-tracking power amplifier design with
envelope shaping for broadband wireless applications,” IEEE J. Solid-
State Circuits, vol. 48, no. 9, pp. 2030-2040, Sep. 2013.

S. Hu, S. Kousai, and H. Wang, “A compact broadband mixed-signal
power amplifier in bulk CMOS with hybrid class-G and dynamic load
trajectory manipulation,” IEEE J. Solid-Sate Circuits, vol. 52, no. 6,
pp. 1463-1478, Jun. 2017.

K. Datta and H. Hashemi, “Watt-level mm-Wave power amplification
with dynamic load modulation in a SiGe HBT digital power amplifier.”
IEEE J. Solid-State Circuits, vol. 52, no. 2, pp. 371-388, Feb. 2017.
A. Zhang and M. S.-W. Chen, “A sub-harmonic switching digital power
amplifier with hybrid class-G operation for enhancing power back-off
efficiency,” in Proc. IEEE Symp. VLSI Circuits, Jun. 2018, pp. 213-214.
A. Zhang and M. S.-W. Chen, “A subharmonic switching digital power
amplifier for power back-off efficiency enhancement,” IEEE J. Solid-
State Circuits, vol. 54, no. 4, pp. 1017-1028, Apr. 2019.

A. Zhang and M. S.-W. Chen, “A watt-level phase-interleaved multi-
subharmonic switching digital power amplifier achieving 31.4% average
drain efficiency,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2019, pp. 74-76.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 54, NO. 12, DECEMBER 2019

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

S.-M. Yoo, J. S. Walling, E. C. Woo, B. Jann, and D. J. Allstot,
“A switched-capacitor RF power amplifier,” IEEE J. Solid State Circuits,
vol. 46, no. 12, pp. 2977-2987, Dec. 2011.

C.-R. Ho and M. S.-W. Chen, “A digital PLL with feedforward multi-
tone spur cancellation scheme achieving <—73 dBc fractional spur and
<-110 dBc reference spur in 65 nm CMOS.” IEEE J. Solid-State
Circuits, vol. 51, no. 12, pp. 3216-3230, Dec. 2016.

D. Chowdhury, P. Reynaert, and A. M. Niknejad, “Transformer-coupled
power amplifier stability and power back-off analysis,” IEEE Trans.
Circuits Syst., I, Exp. Briefs, vol. 55, no. 6, pp. 507-511, Jun. 2008.
B. Serneels, M. Steyaert, and W. Dehaene, “A 5.5 V SOPA line driver
in a standard 1.2 V 0.13 mm CMOS technology,” in Proc. IEEE Eur.
Solid-State Circuits Conf., Sep. 2005, pp. 303-306.

B. Yang, E. Y. Chang, A. M. Niknejad, B. Nikoli¢, and E. Alon,
“A 65-nm CMOS I/Q RF power DAC with 24- to 42-dB third-
harmonic cancellation and up to 18-dB mixed-signal filtering,” IEEE
J. Solid-State Circuits, vol. 53, no. 4, pp. 1127-1138, Apr. 2018.

K. Onizuka, S. Saigusa, and S. Otaka, “A +30.5 dBm CMOS Doherty
power amplifier with reliability enhancement technique.” in Proc. IEEE
Symp. VLSI Circuits, Jun. 2012, pp. 78-79.

C. Lu et al., “A 24.7 dBm all-digital RF transmitter for multimode
broadband applications in 40 nm CMOS,” in IEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2013, pp. 332-333.

D. H. Kwon, H. Li, Y. Chang, R. Tseng, and Y. Chiu, “Digitally
equalized CMOS transmitter front-end with integrated power amplifier,”
IEEE J. Solid-State Circuits, vol. 45, no. 8, pp. 1602-1614, Aug. 2010.
C. Yu, L. Guan, E. Zhu, and A. Zhu, “Band-limited Volterra series-based
digital predistortion for wideband RF power amplifiers,” IEEE Trans.
Microw. Theory Techn., vol. 60, no. 12, pp. 41984208, Dec. 2012.

V. Vorapipat, C. S. Levy, and P. M. Asbeck, “Voltage mode Doherty
power amplifier,” IEEE J. Solid-State Circuits, vol. 52, no. 5,
pp. 12951304, May 2017.

1. S. Park, Y. Wang, S. Pellerano, C. Hull, and H. Wang, “A CMOS
wideband current-mode digital polar power amplifier with built-in AM-
PM distortion self-compensation,” IEEE J. Solid-State Circuits, vol. 53,
no. 2, pp. 340-356, Feb. 2018.

D. Jung, J. Park, S. Li, T.-Y. Huang, H. Zhao, and H. Wang, “A 1.2V
single supply hybrid current-/voltage-mode three-way digital Doherty
PA with built-in large-signal phase compensation achieving less-than
5° AM-PM.” in Proc. IEEE Custom Integr. Circuits Conf. (CICC),
Apr. 2019, pp. 1-4.

Y. Yin, L. Xiong, Y. Zhu, B. Chen, H. Min, and H. Xu, “A compact dual-
band digital polar Doherty power amplifier using parallel-combining
transformer.” IEEE J. Solid-State Circuits, vol. 54, no. 6, pp. 1575-1585,
Jun. 2019.

I. S. Park, S. Hu, Y. Wang, and H. Wang, “A highly linear dual-
band mixed-mode polar power amplifier in CMOS with an ultra-
compact output network,” IEEE J. Solid-State Circuits, vol. 51, no. 8,
pp. 1756-1770, Aug. 2016.

Y. Yin et al., “A compact transformer-combined polar/quadrature recon-
figurable digital power amplifier in 28-nm logic LP CMOS,” IEEE J.
Solid-State Circuits, vol. 54, no. 3, pp. 709-719, Mar. 2019.

S. Hu, S. Kousai, J. S. Park, O. L. Chlieh, and H. Wang, “Design of a
transformer-based reconfigurable digital polar Doherty power amplifier
fully integrated in bulk CMOS,” IEEE J. Solid-State Circuits, vol. 50,
no. 5, pp. 1094-1106, May 2015.

D. Cousinard ef al., “A 0.23 mm? digital power amplifier with hybrid
time/amplitude control achieving 22.5 dBm at 28% PAE for 802.11g.”
in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Feb. 2017, pp. 228-229.

V. Vorapipat, C. Levy, and P. Asbeck, “A class-G voltage-mode Doherty
power amplifier,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, San Francisco, CA, USA, Feb. 2017, pp. 46-47.

S. Hu, S. Kousai, and H. Wang, “A broadband CMOS digital power
amplifier with hybrid Class-G Doherty efficiency enhancement,” in JEEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2015,
pp. 44-45.

K. Onizuka, S. Saigusa, and S. Otaka, “A 1.8 GHz linear CMOS
power amplifier with supply-path switching scheme for WCDMA/LTE
applications,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2013, pp. 90-91.

P. Godoy, S. Chung, T. Barton, D. Perreault, and J. Dawson, “A 2.4-GHz,
27-dBm asymmetric multilevel outphasing power amplifier in 65-nm
CMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 10, pp. 2372-2384,
Oct. 2012.

Authorized licensed use limited to: University of Southern California. Downloaded on May 29,2020 at 17:56:58 UTC from IEEE Xplore. Restrictions apply.



ZHANG AND CHEN: WATT-LEVEL PHASE-INTERLEAVED MULTI-SHS DIGITAL PA

[41] R. Bhat, J. Zhou, and H. Krishnaswamy, “Wideband mixed-domain
multi-tap finite-impulse response filtering of out-of-band noise floor in
watt-class digital transmitters,” IEEE J. Solid-State Circuits, vol. 52,
no. 12, pp. 3405-3420, Dec. 2017.

[42] W. Tai et al., “A transformer-combined 31.5 dBm outphasing power
amplifier in 45 nm LP CMOS with dynamic power control for back-off
power efficiency enhancement,” IEEE J. Solid-State Circuits, vol. 47,
no. 7, pp. 1646-1658, Jul. 2012.

Aoyang Zhang (S°14) received the B.S. degree
in electronic and information engineering from
Zhejiang University, Hangzhou, China, in 2014.
He is currently pursuing the Ph.D. degree with the
Department of Electrical Engineering, University of
Southern California, Los Angeles, CA, USA.

His current research interests include analog/RF
integrated circuits design, power amplifiers for RF
applications, new circuit architectures for wire-
less communication, and high-speed low-power data
converters.

3465

Mike Shuo-Wei Chen (M’06-SM’18) received the
B.S. degree from National Taiwan University, Taipei,
Taiwan, in 1998, and the M.S. and Ph.D. degrees
from the University of California at Berkeley,
Berkeley, CA, USA, in 2002 and 2006, all in elec-
trical engineering.

From 2006 to 2010, he was a member of the
Analog IC Group, Atheros Communications (cur-
rently Qualcomm Atheros), San Jose, CA, USA,
working on mixed-signal and RF circuits for various
wireless communication products. He is currently an
Associate Professor with the Electrical Engineering Department, University
of Southern California (USC), Los Angeles, CA, USA, where he holds the
Colleen and Roberto Padovani Early Career Chair position. As a graduate
student researcher, he proposed and demonstrated the asynchronous SAR ADC
architecture, which has been adopted today for low-power high-speed analog-
to-digital conversion products in industry. At USC, he leads an analog mixed-
signal circuit group, focusing on data converter, wireless, wireline, computing,
and design methodology. His research group has been exploring new circuit
architectures that excel beyond the technology limitation, as exemplified in
their recent works in PA, ADC, DAC, and PLL.

Dr. Chen was a recipient of the Qualcomm Faculty Award in 2019, the NSF
Faculty Early Career Development (CAREER) Award in 2014, the DARPA
Young Faculty Award (YFA) in 2014, the Analog Devices Outstanding Student
Award for recognition in IC design in 2006, and the UC Regents’ Fellowship
at Berkeley in 2000. He also achieved an honorable mention in the Asian
Pacific Mathematics Olympiad in 1994.

Authorized licensed use limited to: University of Southern California. Downloaded on May 29,2020 at 17:56:58 UTC from IEEE Xplore. Restrictions apply.



