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Abstract—In this article, a 2 x 9-bit millimeter-wave quadra- architecture to support the complex modulation signal and

ture mixed-mode transmitter (TX) with distributed parasitic higher data rate. The analog PAs are usually adopted in

canceling and LO leakage self-suppression is proposed. The millimeter-wave TXs [10], [11], [12], [13], [14], [15], [16].
mixed-mode architecture uses both digital switched capacitor i the disital-t ’1 ’ t’ D AC L 2 df
power amplifier (SCPA) and analog amplifier to achieve high owever, the digital-to-analog-converter ( ) is required for

output power and enhanced peak/average efficiency at millimeter- the analog PA-based TX, which is power-hungry for large data
wave. In addition, the distributed parasitic canceling with 3-D rate operation and deteriorates TX efficiency.

shielded horizontal capacitor (3-D SHCAP) is adopted to decrease The digital PA (DPA) achieves directly digital modulation
the passive loss for improved efficiency. Besides, the L.O leakage according to the baseband (BB) control signals, which leads

self-suppression is introduced, which benefits to linearity and . . . . . ..
dynamic range. The proposed quadrature mixed-mode TX is © the simplified architecture without mixer and DAC circuits.

implemented and fabricated in the 40-nm CMOS technology. The DPA operating at the switching mode features high
With 1.1/2.2-V supply, it achieves saturated output power of efficiency. The high-efficiency DPAs are usually developed for
24.03 dBm with peak system efficiency (SE) of 31.5% at 24 GHz. sub-6 GHz in recent year [17], [18], [19], [20], [21], [22], [23],
It also exhibits 23.6% SE for 6-dB PBO at 24 GHz due to Doherty [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34]

operation. It supports 400-MHz 64QAM signal with an average
ogtput power (ilf g’ Pyg) of 16.37 (?Bm, angEVM of —29.6 d%, [35], [36], [37], [38], [39]. The current-mode DPAs based on

and an ACLR < —29.98 dBc. For 200-MHz 256QAM, it exhibits Class-E [24], [25] and inverse Class-D [26], [27] are reported
15.21 dBm P,, with an EVM of —30.9 dB and an ACLR < with high efficiency. However, current-mode DPA introduces

—31.71 dBc at 24 GHz. significant AM—AM and AM-PM distortions, which requires

Index Terms— CMOS, LO leakage, millimeter-wave, mixed- the digital pre-distortion (DPD) for linearity enhancement. The
mode, parasitic canceling, switched capacitor power amplifier voltage-mode switched capacitor PA (SCPA) is introduced

(SCPA), transmitter (TX). with high linearity by controlling the ratio of switched-on
capacitance and total capacitance of all unit cells [28], [29],
I. INTRODUCTION [301, [311, [32], [33], [34], [35], [36]. [37], [38], [39].

O MEET the demands of multi-Gb/s data rate wireless With the above-mentioned merits, DPAs also exhibit good

transmission such as 5G new radio, there is growing potential for millimeter-wave TXs. Some millimeter-wave
requirement of millimeter-wave transmitters (TXs) with high ~ digital TXs are reported with relatively low effective number
output power, high efficiency, and large data rate [1], [2], of bits (ENoBs) [40], [41], [42]. The high-order QAM signals,
[3], [4]. The outphasing TX uses two high-efficiency power such as 256QAM, cannot be supported by these digital TXs.
amplifiers (PAs) with constant envelop to achieve high sys- The millimeter-wave digital TXs with improved ENoBs are
tem efficiency (SE), which is attractive for millimeter-wave reported in [43], [42], and [45], which shows relatively low
wireless [5], [6], [7], [8], [9]. Nevertheless, the high-resolution Pyt and efficiency. The increasing parasitic of transistors at

phase control of each sub-PA is challenging in the out-phasing ~Millimeter-wave frequency limits the switching speed of power
DAC, which leads to efficiency degradation of digital TX.
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(a)

Fig. 1. Simplified architectures of (a) quadrature analog TX and (b) quadra-
ture digital TX.

The edge-combining technique is introduced to allow the
switching transistors to operate properly at millimeter-wave
with high efficiency. Besides, a four-way series Doherty digital
polar TX is introduced [48]. The current-mode unit cell
consisting of a differential pair and a switchable tail transistor
is adopted to implement the power DAC with high efficiency.
These reported millimeter-wave digital TXs support high date
rate transmission with improved performance. However, they
still suffer from relatively low P, and SE. Besides, the LO
leakage at millimeter-wave significantly limits the dynamic
range [49] and deteriorates the linearity of DPA. Therefore,
there are still great challenges in millimeter-wave digital
TX design with high performance including Py, efficiency,
linearity, LO leakage, and dynamic range.

In this article, a 2 x 9-bit millimeter-wave quadrature
mixed-mode TX with distributed parasitic canceling and LO
leakage self-suppression is proposed [50]. Both the digital
and analog PA techniques are introduced in the mixed-mode
TX to achieve high P, and efficiency at millimeter-wave.
The distributed parasitic canceling sub-PA array is adopted
to decrease the passive loss and increase the SE. The LO
leakage self-suppression technique is introduced to improve
the linearity and dynamic range. Besides, a Doherty PA is used
to improve the power back-off (PBO) efficiency. This article is
organized as follows. Section II discusses the architecture and
principle of the proposed mixed-mode TX with distributed par-
asitic canceling and LO leakage self-suppression. Section III
introduces the circuit implementation of the proposed mixed-
mode TX. Section IV shows the measurement results and
comparisons with the state-of-the-arts. Finally, conclusion is
given in Section V.

II. MILLIMETER-WAVE MIXED-MODE TX WITH
DISTRIBUTED PARASITIC CANCELING AND
LO LEAKAGE SELF-SUPPRESSION

A. Mixed-Mode TX

The quadrature architecture is chosen due to its larger
modulation bandwidth compared with the polar architecture.
The simplified architecture of the quadrature analog TX is
shown in Fig. 1(a). The multistage analog PA is usually used
in the final stage for higher output power (P ) and gain. The
separate modules of DAC and mixer are required for the analog
architecture, which introduces extra power consumption and
limits SE. The simplified architecture of the quadrature digital
TX is shown in Fig. 1(b). The modules of DAC, mixer, and PA
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Fig. 2. Simulated Py, and DE of the conventional SCPA with various sizes
of MSB unit cells versus operation frequency.
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Fig. 3. Simplified configuration of power DAC with interconnections.

are replaced by power DAC, which leads to compact architec-
ture with improved SE. However, the increased parasitics of
transistors limit the performances of digital TXs, especially at
millimeter-wave. The simulated P, and drain efficiency (DE)
of the conventional SCPA with various sizes of MSB unit cells
versus operation frequency are shown in Fig. 2. Py, and DE
of SCPA are decreasing with increased operation frequency.
Higher P, can be achieved using larger transistor size and bit
number as shown in Fig. 2. However, the parasitics increase
with larger transistor size and bit number, which deteriorate
the efficiency at higher frequency. Besides, as shown in Fig. 3,
a key problem of millimeter-wave digital TXs is the parasitic
of interconnections. Digital TXs with larger bit number require
more complex interconnections, which further decrease the
efficiency. Besides, the parasitic capacitor Cgeq between the
input and the output of each unit cell leads to LO leakage,
which decreases the dynamic range and linearity. Therefore,
it is a great challenge to design large dynamic range and
linear digital TX featuring both high P,y and high efficiency
at millimeter-wave frequency.

To achieve high P, /efficiency and LO leakage suppression
at millimeter-wave, the mixed-mode TX with distributed par-
asitic canceling and LO leakage self-suppression is proposed
as shown in Fig. 4, which is composed of a quadrature SCPA
and a Doherty analog PA. The quadrature SCPA achieves
signal modulation according to BB signals without DAC
and mixer circuits, which simplifies the TX architecture.
The SCPA shows high linearity, which benefits to high-order
modulation with wide modulation bandwidth. Meanwhile, the
small-size transistors are adopted in SCPA, which introduce
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Fig. 5. (a) Schematic of SCPA considering parasitics. (b) Circuit model of
SCPA. (c) Equivalent circuit of SCPA.

lower parasitic for enhanced efficiency. In addition, the dis-
tributed parasitic canceling is proposed in SCPA to further
decrease the parasitic caused by interconnection for high
passive efficiency. Besides, to improve the dynamic range and
linearity, the LO leakage self-suppression using compensation
capacitors C), is proposed. To achieve enough Py for wireless
communication, the high-efficiency analog PA is adopted after
the quadrature SCPA. The Doherty technique is introduced for
PBO efficiency enhancement.

B. Distributed Parasitic Canceling

To analyze the effect of parasitic on Py and DE of SCPA,
the schematic and circuit model of the conventional SCPA are
shown in Fig. 5(a) and (b), respectively. Suppose the SCPA
consists of N identical unit cells. Each unit cell is composed
of an inverter and unit capacitor C. The inductor L,, is used
as the output matching network. C., represents the parallel
parasitic capacitor from interconnection. R, and L, are the
equivalent parasitic resistance and inductance of interconnec-
tion, respectively. Under saturated Py, all the unit cells are
switched on with supply voltage of VDD. The output current
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of each unit cell is I;. The equivalent circuit of the SCPA with
peak output power is shown in Fig. 5(c). Rép = R¢,/N and
L;p = L¢,/N. The maximal output voltage of the SCPA can
be calculated by

2 C
Vouw = —| ———— ) VDD. (D
T \C+ Cqp
Py of the SCPA is expressed by
2 c \*> vDD?
Pout = e (2)
T C + Ccp RL —|— ch

The effective output power delivered on the load Ry is
represented by the following equation:
Ry

Pou,e = Pour X RLTR(/;}).

3)

The dynamic power dissipation, which is caused by parasitic
capacitor Cgp, can be evaluated by

C x Cqp 5
Psc = ——2N x VDD? x f.
sC = C Ccp f

where f, is the carrier frequency. Then, the peak DE of SCPA
can be calculated by

“)

R
4Qloaded X W
TNCep(CyCop)
4Qloaded + #

where Qjoaded 1 the loaded quality factor of the network. It can
be seen that P,y and DE of SCPA are affected by the ratio of
Cep/C. By defining r as

Pout,e
Pou + Psc

DEpeak = (5)

Cep
=2 6
r=-c (6)

Equations (3) and (5) can be further expressed by

b 2 ( 1 )2 VDD? R o
out,e = 5 X L
72 \1+r (RL—i-Rép)z
DE L = 4Qloaded « RL (8)
P 40iatea + T Nr(14+1) T RL+ Ry,

For output impedance matching, the inductance of L, is
determined by

1
472 f2N x (C + Cop)

Note that Cq, is absorbed into the matching network as shown
in Fig. 5(c). The maximal P,y is deteriorated by r and
resistance of Rép. To improve the effective Py, the parasitic
C¢p and Rép should be limited when C and R; are determined
in the circuit design. Based on (8), the peak DE of SCPA is
affected by r, Rép.

The EM-simulated C, introduced by the typical intercon-
nection with the MOM capacitor is shown in Fig. 6. The
typical size of the routing is 6 x 10 um, which is implemented
using single top thick metal layer. It introduces C, of about
5.2 fF from 20 to 40 GHz. When operating at low frequencies
(e.g., sub-6 GHz), C in SCPA is usually larger than 100 fF.
Therefore, the ratio r of C,/C is 0.052, which introduces little
effect on P,y and DE. However, at millimeter-wave frequency,

m =

~ L, ©)
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Fig. 7. Calculated DE of 6-bit SCPA at 28 GHz (C = 20 fF, R, = 10 Q).

C should be lower, which leads to higher r. Therefore, Py
and DE are degraded at mm-wave.

The DE of a 6-bit (i.e., N = 63) SCPA with C = 20 fF and
R; = 10 Q is calculated at 28 GHz according to (8), as shown
in Fig. 7. The calculated DE is decreased rapidly from 90%
to about 65% when C, increases from 1 to 5 fF, which
implies the significant effect of C,, for millimeter-wave SCPA.
Therefore, Cp, and R, caused by interconnection should be
reduced for enhanced performances of millimeter-wave SCPA.

To reduce Ccp and Rcp, the distributed parasitic cancel-
ing is introduced to implement the sub-PA array in this
work. Fig. 8(a) shows three types routing configurations
(i.e., Types I, II, and III) for sub-PA array. For conventional
solution (i.e., Type I), the MOM capacitor C is located
besides the routing. The electric field of the routing reaching
the lossy substrate introduces high passive loss, which leads
to increased R., with lower SCPA efficiency. Meanwhile,
the quality factor (Q) of the conventional MOM -capacitor
is limited by the diverging electric field reaching the lossy
substrate. In addition, the parasitic capacitor caused by both
the unit capacitor and routing contributes to Cc,, which leads
to lower efficiency. The EM-simulated C., of the single
unit cell for Type I is shown in Fig. 8(b). C, is about
5.2 fF from 20 to 40 GHz. For Type II, the conventional
MOM capacitors are placed under the routing to shield the
electric field. C¢p is decreased compared with Type I, which
is about 4 fF from 20 to 40 GHz as shown in Fig. 8(b).
However, the electric field of routings is partially absorbed by
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the conventional MOM capacitor, which decreases the model
accuracy of MOM capacitor.

To decrease the parasitics, the 3-D shielded horizontal
capacitor (3-D SHCAP) with intrinsic high Q is introduced as
shown in Fig. 8(a), i.e., Type III. The detailed characteristics’
discussion about 3-D SHCAP is shown in the Appendix.
The 3-D SHCAPs are located under the routings dispers-
edly. Most of the routing electric field is absorbed by the
3-D SHCAP, which leads to reduced substrate loss and Ccp.
In addition, the 3-D SHCAP features higher Q compared



YANG et al.: MILLIMETER-WAVE QUADRATURE MIXED-MODE TRANSMITTER

o RFou+ RFou—

vDD cgsn cgsn
C ; RF,.+ RF;,—
RFyg | &P |E§out " o

Cesn C
T B

(a)

@

T g

b)

RFout+ RFout_
o o

BB - \ L
C _||:
gsn\(‘

o
R e

(c)

cdsn j|_ B

Fig. 9. Analysis of the feed-through capacitor of (a) conventional SCPA,
(b) unit cell using a differential pair and switchable tail transistors, and (c) unit
cell based on the cascode structure.

with the conventional MOM capacitor, which further decreases
the passive loss. Besides, the parasitic inductance from the
routing between two SCPA unit cells is smaller for Type III,
which is partially absorbed into the embedded 3-D SHCAP.
The EM-simulated C., for Type III is shown in Fig. 8(b),
which is much lower than Type I and Type II (about 2 fF
from 20 to 40 GHz). The 3-D SHCAP also shows high QO
for lower passive loss. Therefore, the efficiency of SCPA can
be improved by the proposed distributed parasitic canceling
technique, which features lower R., and Ccp.

C. LO Leakage Self-Suppression

The parasitic capacitor Cgeq between the input and the
output of the unit cell introduces LO leakage, especially at
millimeter-wave. Fig. 9 shows three types of unit cells, which
are usually used in millimeter-wave DPA design. Cyeeq Of the

SCPA unit cell can be expressed by the following equation:
Cfeed,a = Cgsp + Cgsno (10

Cieea Of the unit cell using differential pair with switchable
tail transistors is

(1)

Cteeqa Of the unit cell based on the cascode structure is
expressed by

Cfeed,b = Cgsn .

Cdsn Cgsn
Cdsn + Cgsn .

For the SCPA unit cell, both the parasitic gate—source capacitor
of NMOS and PMOS (i.e., Cgqn and Cggp) contribute to Creeq.
Creed o 18 larger than Cyeed,p OF Creed,c. Therefore, SCPA shows
larger LO leakage than other types of unit cells. In addition,
in the CMOS technology, the carrier mobility of NMOS and
PMOS is different. To obtain better AM—AM and AM-PM

Cfeed,c = (12)
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linearity, the on-resistances of NMOS and PMOS for the SCPA
unit cell should be the same [29]. The width of the transistor
with lower carrier mobility should be increased for the same
on-resistance. Thus, the parasitic Cg, further increases and
introduces growing LO leakage.

A simplified ideal circuit model of SCPA is adopted to
evaluate the effect of LO leakage, as shown in Fig. 10(a).
Ideally, the amplitude A; of the amplified SCPA output signal
(i.e., Sig) is supposed to be linearly increasing with control
code, while the phase of Sig should maintain 6, in ideal
condition for SCPA. However, Cgeq leads to LO leakage
LOjeak at SCPA output. Here, for simple analysis, the LO
leakage is assumed to be unchanged (i.e., LOwx = A2Z65)
versus control code. Then, the output signal RF,, of SCPA
(i.e., vector sum of Sig and LOj,x) can be expressed by

RF,, = Sig + LOjac = A;(code) 0 + A»/6>.  (13)

The LO leakage leads to reduced dynamic range and linearity.
To address these issues, the LO leakage self-suppression is
introduced in this work, as shown in Fig. 10(b). A LO signal
path with opposite phase is used to decrease LO leakage. The
compensation capacitor C,, should be equal to the total Creeq
and C. Then, the LO with 180° phase difference introduces
the compensation signal LO¢omp at SCPA output. LO¢omp can
be represented as

LOcomp = A3 (05 + 180°). (14)

When A3 = A; and 603 = 05, LOcomp and LOyy featuring
opposite phase are canceled by each other. Then, the output
signal of SCPA is

RF,, = Sig 4+ LOjak + LOcomp
— Ay (code) 0, + A>L(0>) + A3L(05 + 180°)

= A;(code) /0. (15)

The simplified circuit of differential SCPA with LO leak-
age self-suppression is shown in Fig. 11. Two compensation
capacitor C,, are introduced to suppress the LO leakage.
The calculated normalized output voltage (Voy) and output
phase versus normalized control code with/without LO leakage
self-suppression at the output node of SCPA are compared
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according to (13)—(15), as shown in Fig. 12(a). A; is learnt
with the input code and A, = A3z = 0.15. 6; is 0° and
6, = 63 = 20°. The AM-PM/AM-AM distortions can be
eliminated by introducing the LO leakage self-suppression.
The LO leakage self-suppression avoids the dynamic range
degradation. Ideally, the LO leakage can be eliminated to 0.
However, the amplitude and phase differences between LOjeax
and LOcomp deteriorate LO leakage suppression level and
dynamic range. The calculated effects of amplitude and phase
differences between LOjeyx and LOcomp on dynamic range
improvement are shown in Fig. 12(b).

III. CIRCUIT IMPLEMENTATION
A. Architecture

The block diagram of the proposed 2 x 9-bit quadrature
mixed-mode TX with distributed parasitic canceling and LO
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leakage self-suppression is shown in Fig. 13. The 2 x 9-bit BB
1Q signals 1(8:0) and Q(8:0) are generated by the deserializers.
The quadrature LO generator and sign-map circuit consist of
the coupler A and two BPSK modulators. The sign bits 1{8)
and Q(8) determine the quadrant of the output signal. The
quadrature SCPA is composed of the 5-bit MSB and 3-bit
LSB unit cells, which are controlled by thermometer codes
(i.e., BBQ(33:3) and BBI(33:3)) and binary codes
(i.e., BBQ(2:0) and BBI(2:0)) converted from parallel
BB signals 1(7:0) and Q(7:0) by decoders, respectively.
To increase the data rate, six 1:3 deserializers are used in this
work, which convert the serial BB signals into parallel BB
signals.

Four compensation capacitors C,, are introduced for LO
leakage suppression. The value of C), is determined by Creeq.
Considering the practical interconnection metal routings in the
canceling path, C, is optimized to compensate the unexpected
effects caused by parasitics. The simulated LO leakage and
dynamic range with various values of C, are shown in
Fig. 14(a) and (b), respectively. C, can be finely adjusted
for the case of wideband operation covering 22-30 GHz
with similar LO leakage suppression level around —30 dBm.
Besides, C, can be tuned to improve the LO leakage suppress
level for high dynamic range. Here, C,, is optimized as 70 fF
considering the tradeoff between wideband operation and LO
leakage suppression level.

The simulated results of normalized V,,; and output phase
for the proposed mixed-mode TX versus normalized control
code at 28 GHz when I = Q with/without LO leakage
self-suppression are compared in Fig. 15. The comparison
verifies that LO leakage of the proposed mixed-mode TX is
decreased over 10% compared with the one without LO leak-
age self-suppression. The AM—PM distortion is also reduced
about 12.8°. The schematic of the quadrature SCPA unit cell
is shown in Fig. 13. The sizes of the NMOS transistors
are 5 um/40 nm, while the sizes of PMOS transistors are
4 um/40 nm. The 3-D SHCAP with high Q is introduced
to decrease the passive loss. The 3-D SHCAP is 32 fF for
the 5-bit MSB unit cell. The unit capacitors for the 3-bit LSB
unit cell capacitors are 16, 8, and 4 fF, which can be finely
achieved in the CMOS technology [51]. The output signal
RFm of quadrature SCPA is further amplified by a two-stage
Doherty PA, which achieves high output power and improves
the efficiency at 0- and 6-dB PBOs.

B. Distributed Parasitic Canceling Sub-PA Array

The floor plan of the distributed parasitic canceling sub-PA
array is shown in Fig. 16, which includes the 2 x 31 MSB
quadrature unit cells (including differential pair), 2 x 3 LSB
quadrature unit cells (including differential pair), decoders, and
interconnections. The routings connected to the positive and
negative output ports (i.e., OUT+ and OUT—) are colored
by green and blue, respectively. The decoders converts the
5-bit binary codes 1(7:3) and Q(7:3) into thermometer codes,
which control the 5-bit I and Q unit cells, respectively. The I
and Q LSB unit cells are controlled by the 1(2:0) and Q(2:0),
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Fig. 14.  Simulated effect of C, on (a) LO leakage and (b) dynamic range
in operation frequency from 22 to 30 GHz.

respectively. The BB control codes for differential unit cells
are identical.

The passive loss including the substrate loss can be
decreased using the proposed distributed parasitic canceling.
Fig. 17(a) shows the simulated passive efficiency of the
conventional Type I and proposed Type III using distributed
parasitic canceling. It achieves 16%-32% improvement of
passive efficiency in 20-32 GHz compared with conventional
Type 1. The simulated DEs of the conventional Type I and
proposed Type III are compared in Fig. 17(b). The DE of the
proposed quadrature SCPA is increased in 20-32 GHz, while
the peak DE is improved by 9% at 25 GHz.

C. Two-Stage Doherty PA

The proposed two-stage Doherty PA is shown in Fig. 13,
which consists of a coupler B, driver stages, Main PA, and
Aux. PA. Coupler B generates the RF signals with 90°
and 0° phase. The Main PA is operating at Class-AB, and
the Aux. PA operates at Class-B. The cascode common-
source (CS) structure is introduced to implement the drivers,
Main PA, and Aux. PA. The transistor sizes of drivers are
150 um/40 nm, while the transistor sizes of Main and Aux. PAs
are 413.6 um/40 nm, respectively. An output matching network
with 90° phase shifting is adopted for load modulation. The
simulated linearity of the two-stage Doherty PA is shown in
Fig. 18(a). It shows a saturated Poy of 25 dBm at 24 GHz.
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Fig. 17. (a) Simulated passive efficiency of interconnections. (b) Simulated
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Fig. 18(b) exhibits the simulated small-signal gain and power-
added efficiency (PAE) at saturated Poy. It features a power
gain of about 20 dB from 22 to 30 GHz. The peak power gain
and peak PAE are 20.7 dB and 35% at 24 GHz, respectively.

D. Sign-Map Circuit

The schematic of sign-map is shown in Fig. 19(a), which
is composed of a coupler A, two input matching networks
based on the transformer, and two BPSK modulators. The LOs
with the in-phase and quad-phase (i.e., I and Q signals) are
generated by coupler A. The two BPSK modulators switch the
I and Q signals between in-phase and out-of-phase according
to sign bits I(8) and Q(8), respectively. The simulated ampli-
tude and phase imbalances of coupler A is shown in Fig. 19(b).
It exhibits amplitude/phase imbalances of £1.65 dB/£1.58°
in the operation frequency range. The simulated effects of
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Fig. 19. (a) Schematic of the sign-map circuit. (b) Simulated amplitude and
phase imbalances of coupler A. (c) Simulated effect of amplitude and phase
imbalance on saturated output power of the proposed mixed-mode TX.

amplitude and phase imbalances on the saturated output power
of the proposed mixed-mode TX are shown in Fig. 19(c).
The four conditions (i.e., amplitude/phase imbalances of
—2 dB/-3°, —2 dB/+3°, +2 dB/-3°, and +2 dB/+3°) are
compared, which leads to maximal 0.38 dBm variation on TX
Poyt in the operation frequency from 22 to 30 GHz.

IV. FABRICATION AND MEASUREMENT

The proposed millimeter-wave quadrature mixed-mode TX
is fabricated in a 40-nm CMOS technology, which occupies
1.2 x 1.7 mm including all I/O pads with 1.1/2.2-V supply,



YANG et al.: MILLIMETER-WAVE QUADRATURE MIXED-MODE TRANSMITTER

1.2mm

E
£
©o
n
s
|

I8
I
7

B

Sign-map & SCPA array
& high-speed decoders

1.31mm

Two-stage
Doherty PA

| 1.7mm |

Fig. 20. Die micrograph.

Power
Supply

Power
Supply

10dB
Attenuator

Spectrum
Analyzer

Signal
Source

Arbitrary
1-BB 3x3bit~ form
)

Generator

T
Q-BB 3x3bity ¥
=
CLKH = 3CLKL for 1:3 desearializers
CLKsyw = CLKL for synchronization of sign-map

Measurement setup.

1-BB 3x3bit: 1<8:0>
Q-BB 3x3bit: Q<8:0>

Fig. 21.

as shown in Fig. 20. The chip core size is 0.56 x 1.31 mm. The
measurement setup is shown in Fig. 21. A signal generator is
used to generate the LO signal. The 3 x 3 bit I/Q BB signals
are generated by the arbitrary waveform generator (AWG). The
two differential sampling clocks (i.e., the CLKL and CLKH
with CLKH = 3CLKL) for the deserializers are generated
by the signal generator with balun and AWG, respectively.
The synchronization clock CLKgy for the sign-map circuit is
generated by the AWG. The output signal of the proposed
mixed-mode TX is attenuated by a 10-dB attenuator and
measured by the spectrum analyzer.

As shown in Fig. 22(a), the proposed mixed-mode TX fea-
tures peak Pgy of 24.03 dBm with 31.5% SE at 24 GHz. The
3-dB bandwidth is about 22-30 GHz. The power consumption
of the sign-map circuit, deserializers, digital circuits, all the
unit cells of digital SCPA, and the two-stage Doherty PA are
considered in SE calculation. The measured LO leakage and
dynamic range of the proposed mixed-mode TX are depicted
in Fig. 22(b). It shows a minimal LO leakage of —31.2 dBm
and a maximal dynamic range of 53.9 dB.

The measured typical normalized V,, and output phase
versus 1Q code (I = Q) for the proposed mixed-mode TX at
24 and 28 GHz are shown in Fig. 23(a) and (b), respectively.
It shows about 10.45° and 11.86° AM-PM distortion at
24 and 28 GHz with I = Q, which is mainly caused by LO
leakage. The gain compression of the two-stage Doherty PA
deteriorates the AM—AM linearity of the TX. The measured
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Fig. 23. Measured typical AM—AM and AM-PM distortions of the proposed
mixed-mode TX at (a) 24 and (b) 28 GHz (I input code = Q input code).

SE at PBOs is shown in Fig. 24. Due to the Doherty operation,
the proposed mixed-mode TX achieves 23.6% SE for 6-dB
PBO at 24 GHz, which is 1.4 times of normalized Class-B.
The 2-D DPD is adopted in modulation measurement, which
further minimizes the AM—AM and AM-PM distortions. The
measured output spectrum and constellation of the single-
carrier 400-MHz 64QAM and 200-MHz 256QAM modulation
signals at 24 GHz are shown in Fig. 25(a). The measured
400-MHz 64QAM signal shows average output power (Payg)
of 16.37 dBm with an average SE of 17.3%, an EVM of
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Fig. 26.  Measured out-of-band spectrum of the single-carrier 200-MHz

256QAM and 400-MHz 64QAM signals at (a) 24 and (b) 28 GHz.

—29.6 dB, and an ACLR < —29.98 dBc at 24 GHz. The
measured 200-MHz 256QAM signal shows P,y of 15.21 dBm
with an average SE of 14.8%, an EVM of —30.9 dB, and an
ACLR < —31.71 dBc at 24 GHz. The measured output spec-
trum and constellation of the single-carrier 400-MHz 64QAM
and 200-MHz 256QAM modulation signals at 28 GHz are
shown in Fig. 25(b). The measured 400-MHz 64QAM signal
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TABLE I
COMPARISON OF TX ARCHITECTURES

Proposed quadrature Quadrature
mixed-mode TX analog TX
Architecture Quadrature modulator| DAC + proposed
+analog PA analog PA
Poat 24.03dBm 24.03dBm
P4 of analog PA 773mW 773mW
Py of .modulator 26.2mW N/A
& sign-map
P4 of DAC N/A 380mwW
SE 31.5% 21.9%

exhibits Py, of 14.64 dBm with an EVM of —28.7 dB and
an ACLR < —29.23 dBc at 28 GHz. The measured 200-MHz
256QAM signal shows Py, of 13.35 dBm with an EVM of
—30.8 dB and an ACLR < —31.25 dBc at 28 GHz. The
sampling frequency for the 200- and 400-MHz modulation
signals of this work is 1.6 GHz, which is limited by the
deserializers in this work. The measured out-of-band spectra of
the single-carrier 200-MHz 256QAM and 400-MHz 64QAM
at 24 and 28 GHz are shown in Fig. 26.

The measured power breakdown for saturated P, at
24 GHz is shown in Fig. 27(a). The two-stage Doherty PA
introduces the large power consumption for the TX, which is
773 mW for saturated P,y at 24 GHz. The quadrature modu-
lator based on SCPA features a high efficiency, which leads to
a lower power dissipation. With decreased efficiency caused
by parasitic C,, the DC power dissipation of the modulator
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TABLE II
COMPARISON WITH THE STATE-OF-THE-ART MM-WAVE TXS/PAS
Mixed-mode TX Digital TX Analog PA Quadrature Analog TX Outphasing
N Mortazavi, Qian, Garay, Qunaj, Pashaeifar, . . Ning,
This work 155C'22 [48] | Jssc20[46] | 1ssccr21 [15) 1SSCC'21 [16] 155C'21 [1] Ui, 5sC21 [9] 155C'20 [8]
Technology 40nm CMOS 40nm CMOS | 28nm CMOS | 45nm SOI CMOS 28nm CMOS 40nm CMOS 45nm SOI CMOS | 45nm SOI CMOS
Quadrature mixed-mode TX Four-way L g Doherty-like Double-quadrature direct Outphasing PA with
Architecture with LO leakage suppression & series 2><3VO rb:;:\(é D:a: dr:/Ae load-modulated | upconverter with series- tlnhveri?‘e ™ current-mode
distributed parasitic-canceling Doherty powe analog balanced amplifier | Doherty balanced PA outphasing combiner
Digital TX/PA/TX Mixed-mode 1Q TX Digital polar Digital 1Q Analog PA Analog PA Analog IQ Ouftr[;:a:f;ngX Outphasing PA
Frequency (GHz) 24 29.5 20-32 28 36 27 29 30
Supply (V) 1.1/2.2 1 1 1.9 1 1 1.0/2.0 1.2
Psat (dBm) 24.03 18.7 19.02 20.1 22.6 20 (P14) 22.7 17
Peak SE (%) 31.5 24 22.1 N/A N/A 28.5 N/A N/A
Peak PAE (%) N/A N/A N/A 48.3 32 31 (DE) 42.6 (DE) 50.5 (DE)
n@6dB PBO (%) 23.6 (SE) 15 (SE) N/A N/A 24.2 (PAE) 26 (DE) 30 (DE) 40 (DE)
Modulati 400MHz 200MHz 300MHz 125MHz 1.5GHz 3GHz 800MHz 2.5GHz 500MHz
odulation 640AM 256QAM 640AM 2560AM 640AM 640AM 64QAM 640AM 640AM
Data-rate (Gb/s) 24 1.6 1.8 1.0 9.0 18.0 4.8 15.0 3.0
Payg (dBm) 16.37 15.21 12 10.58 14.07 15.5 11.36 15.6 10.2
Average n (%) 17.3 (SE) 14.8 (SE) 11.9 (SE) N/A 25.13 (PAE) 20 (PAE) 17.6 (DE) 22.5 (DE) 31.2 (DE)
EVM (dB) -29.6 -30.9 -29.39 -31.2 -25.04 -25.1 -24.6 -22.5 -28
ACLR (dBc) -29.98 -31.71 -28 -32.4 N/A N/A -31.45 -29.2 -26.4
Chip size (mmz) 2.04, 0.73 (core) 1.1 (core) 1.6 1.56 1.44 3.66 7.5 1.65
< %7 [—EVM 400M 64 525 e
) _— QAM o — EVM 400M 64QAM
@ [--- ACLR 400M 64QAM @ |--- ACLR 400M 640AM RIRTEREEe: .
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o .29|--- ACLR 200M 256QAM|.{ % --- ACLR 200M 256QAM o A ——
Q H H Q : b be g
< e | 2 50l esen — s Y
e @24GHz — e @28GHz - | 23.8GHz ‘r‘“h‘ i 24.2GHz
@31 - ™ -7 —1100MHz 64QAM 100MHz 64QAM|
5 - - - oS -~ - EVM=-31.2dB EVM=-31.3dB
AR S S a1 = | -
s S 7 s |T0e/—=" R PR PR N S 1 PR
.33 - - @ 33 - Ptitpactt! | AT | PR | b T it
7 9 11 13 15 17 5 7 9 11 13 15 »nrww: 1001 o 0.0MHE Fpan 20 Gz
Pavg (dBm) Pavg (dBm) (a)
Fig. 29. Measured EVM and ACLR of the single-carrier 400-MHz 64QAM tressese ||
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64QAM signals versus data rate at 24 GHz are shown in
Fig. 28. The EVM and ACLR increase with higher data rate,
which means a lower up-sampling rate. The 64QAM signal
with 0.6 Gb/s data rate shows the EVM of —31.9 dB and
ACLR of —31.8 dBc. A 2.4-Gb/s data rate is supported by
the proposed millimeter-wave quadrature mixed-mode TX.
The measured maximal modulation bandwidth in this work is
limited by the sampling frequency of 1.6 GHz. The measured
EVM and ACLR of the single-carrier 64QAM and 256QAM
signals versus P, at 24 and 28 GHz are shown in Fig. 29.
The proposed mixed-mode TX can support carrier aggre-
gation (CA) operation. The measured output spectrum and
constellation of two carriers at 23.8/24.2 and 27.8/28.2 GHz
with the 100-MHz 64QAM modulation signals are shown in
Fig. 30(a) and (b), respectively. The EVM of the 100-MHz
64QAM at 23.8 and 24.2 GHz is —31.2 and —31.3 dB,
respectively. The EVM of the 100-MHz 64QAM at 27.8 and
28.2 GHz is —31.0 and —30.9 dB, respectively.

The comparison between the proposed mixed-mode TX and
the convention analog TX is depicted in Table I. For example,

(b)

Fig. 30. Measured output spectrum and constellation of the two-carrier
100-MHz 64QAM at (a) 23.8/24.2 and (b) 27.8/28.2 GHz.

a high-speed DAC AD9734 of ADI with 10-bit resolution
and 1.2G sampling rate are adopted in the conventional
analog TX system, which shows the DC power consumption
of 380 mW. For a fair comparison, the analog PA in this
work is used to evaluate the efficiency of the conventional
analog TX. Meanwhile, the proposed 2 x 9-bit modulator
with 1.6G sampling frequency shows the power dissipation
of 26.2 mW and leads to higher SE, which is 9.6% higher
than the conventional analog TX. The comparison with the
state-of-the-arts millimeter-wave TXs and PAs is shown in
Table II. The digital TXs, analog PAs, outphasing TXs, and
analog TXs are compared. The proposed quadrature mixed-
mode TX achieves both high Py, and SE at millimeter-wave
frequency. In addition, it supports high-order QAM signals
(i.e., 64QAM and 256QAM) with high data rates. Besides, the
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Fig. 31. (a) Configuration of the 3-D SHCAP. (b) Simulated quality factors

of 3-D SHCAP and PDK capacitor with the same capacitance of 32 fF.

SE at 6-dB PBO is enhanced for higher average efficiency.
With the competitive performances, the proposed quadrature
mixed-mode TX is attractive for millimeter-wave wireless
transmission.

V. CONCLUSION

In this article, a 2 x 9-bit millimeter-wave quadrature
mixed-mode TX with distributed parasitic canceling and LO
leakage self-suppression is proposed. It obtains enhanced
peak/average efficiency and P,y using both digital modulator
based on SCPA and Doherty analog PA. The distributed
parasitic canceling sub-PA array is adopted to further decrease
the passive loss and increase the efficiency. The LO leakage
self-suppression decreases the LO leakage, which benefits to
linearity and dynamic range. The proposed millimeter-wave
mixed-mode TX fabricated in the 40-nm CMOS technology
shows the merits of high output power, SE, and data rate,
which are attractive for wireless applications.

APPENDIX

The 3-D view and cross-sectional view of the proposed 3-D
SHCAP are shown in Fig. 31(a). Such 3-D SHCAP is mainly
composed of two parts with stacked metals. Port P1 is tapped
on the metal layer M6 of the outer stacked part. Port P2 is
located on the top thick metal layer M7 of the inner stacked
part. The stacked metal ring connected with P2 is nested
with the stacked metal connected with P1. Therefore, the
capacitance of the proposed 3-D SHCAP is mainly composed
of the horizontal capacitive coupling between P1 and P2. Then,
the vertical capacitive coupling through the high loss substrate
is avoided, which results in enhanced Q [51]. The simulated
quality factors of the conventional MOM PDK capacitor and
proposed 3-D SHCAP with the same capacitance of 32 fF are
compared in Fig. 31(b). The typical 32-fF 3-D SHCAP in this
work shows the capacitance density of 0.7 fF/nm?, while the
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capacitance density of a typical MOM PDK capacitor with
identical capacitance is 1.2 fF/nm?. Meanwhile, the proposed
3-D SHCAP avoids the vertical capacitive coupling through
the lossy substrate introducing an extra passive loss, which
leads to higher quality factor Q. The proposed 3-D SHCAP
shows about 4.5-9.4 times Q of the conventional MOM PDK
capacitor, as shown in Fig. 31(b).

REFERENCES

[1] M. Pashaeifar, L. C. N. de Vreede, and M. S. Alavi, “A millimeter-wave
mutual-coupling-resilient double-quadrature transmitter for 5G applica-
tions,” IEEE J. Solid-State Circuits, vol. 56, no. 12, pp. 3784-3798,
Dec. 2021.

[2] V. Camarchia et al., “A review of technologies and design techniques of
millimeter-wave power amplifiers,” IEEE Trans. Microw. Theory Techn.,
vol. 68, no. 7, pp. 2957-2983, Jul. 2020.

[3] K. Kibaroglu, M. Sayginer, and G. M. Rebeiz, “A low-cost scalable 32-
element 28-GHz phased array transceiver for 5G communication links
based on a 2 x 2 beamformer flip-chip unit cell,” IEEE J. Solid-State
Circuits, vol. 53, no. 5, pp. 1260-1274, May 2018.

[4] Y. Yi et al., “A 24-29.5-GHz highly linear phased-array transceiver
front-end in 65-nm CMOS supporting 800-MHz 64-QAM and 400-MHz
256-QAM for 5G new radio,” IEEE J. Solid-State Circuits, vol. 57, no. 9,
pp. 2702-2718, Sep. 2022.

[5] D. Zhao, S. Kulkarni, and P. Reynaert, “A 60-GHz outphasing trans-
mitter in 40-nm CMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 12,
pp. 3145-3183, Dec. 2012.

[6] B. Rabet and J. Buckwalter, “A high-efficiency 28GHz outphasing PA
with 23dBm output power using a triaxial balun combiner,” in /IEEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2018,
pp. 174-176.

[7]1 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.

[8] K. Ning, Y. Fang, N. Hosseinzadeh, and J. F. Buckwalter, “A 30-GHz
CMOS SOI outphasing power amplifier with current mode combining
for high backoff efficiency and constant envelope operation,” IEEE J.
Solid-State Circuits, vol. 55, no. 5, pp. 1411-1421, May 2020.

[9] S.Li, M.-Y. Huang, D. Jung, T.-Y. Huang, and H. Wang, “A MM-wave

current-mode inverse outphasing transmitter front-end: A circuit duality

of conventional voltage-mode outphasing,” IEEE J. Solid-State Circuits,

vol. 56, no. 6, pp. 1732-1744, Jun. 2021.

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.

[11] M. Vigilante and P. Reynaert, “A wideband class-AB power amplifier

with 29-57-GHz AM-PM compensation in 0.9-V 28-nm bulk CMOS,”

IEEE J. Solid-State Circuits, vol. 53, no. 5, pp. 1288-1301, May 2018.

S. Hu, F. Wang, and H. Wang, “A 28-/37-/39-GHz linear Doherty power

amplifier in silicon for 5G applications,” IEEE J. Solid-State Circuits,

vol. 54, no. 6, pp. 1586-1599, Jun. 2019.

H. T. Nguyen and H. Wang, “A coupler-based differential mm-wave

Doherty power amplifier with impedance inverting and scaling baluns,”

IEEE J. Solid-State Circuits, vol. 55, no. 5, pp. 1212-1223, May 2020.

B. Rabet and P. M. Asbeck, “A 28 GHz single-input linear chireix

(SILC) power amplifier in 130 nm SiGe technology,” IEEE J. Solid-

State Circuits, vol. 55, no. 6, pp. 1482—1490, Jun. 2020.

[15] E. F. Garay, D. J. Munzer, and H. Wang, “26.3 A mm-wave power

amplifier for 5G communication using a dual-drive topology exhibiting

a maximum PAE of 50% and maximum DE of 60% at 30GHz,” in IEEE

Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021,

pp. 358-359.

V. Qunaj and P. Reynaert, “26.2 A Doherty-like load-modulated balanced

power amplifier achieving 15.5dBm average pout and 20% average PAE

at a data rate of 18Gb/s in 28nm CMOS,” in IEEE Int. Solid-State

Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021, pp. 356-357.

H. Wang, S. Kousai, K. Onizuka, and S. Hu, “The wireless workhorse:

Mixed-signal power amplifiers leverage digital and analog techniques to

enhance large-signal RF operations,” IEEE Microw. Mag., vol. 16, no. 9,

pp. 36-63, Oct. 2015.

[18] X. Luo, H. J. Qian, Y. Yin, and H. Xu, “Empowering multifunction:

Digital power amplifiers, the last RF frontier of the analog and digital
kingdoms,” IEEE Microw. Mag., vol. 21, no. 12, pp. 47-67, Dec. 2020.

[10]

[12]

[13]

[14]

[16]

[17]



YANG et al.: MILLIMETER-WAVE QUADRATURE MIXED-MODE TRANSMITTER

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

S. Zheng and H. C. Luong, “A CMOS WCDMA/WLAN digital polar
transmitter with AM replica feedback linearization,” IEEE J. Solid-State
Circuits, vol. 48, no. 7, pp. 1701-1709, Jul. 2013.

H.J. Qian, J. Zhou, B. Yang, and X. Luo, “A 4-element digital modulated
polar phased-array transmitter with phase modulation phase-shifting,”
IEEE J. Solid-State Circuits, vol. 56, no. 11, pp. 3331-3347, Nov. 2021.
M. S. Alavi, R. B. Staszewski, L. C. N. de Vreede, and J. R. Long,
“A wideband 2x 13-bit all-digital I/Q RF-DAC,” IEEE Trans. Microw.
Theory Techn., vol. 62, no. 4, pp. 732-752, Apr. 2014.

B. Yang, H. J. Qian, and X. Luo, “Quadrature switched/floated capacitor
power amplifier with reconfigurable self-coupling canceling transformer
for deep back-off efficiency enhancement,” IEEE J. Solid-State Circuits,
vol. 56, no. 12, pp. 3715-3727, Dec. 2021.

A. Zhang, C. Yang, M. Ayesh, and M. S.-W. Chen, “26.6 A 5-to-
6GHz current-mode subharmonic switching digital power amplifier for
enhancing power back-off efficiency,” in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021, pp. 364-365.

M. Hashemi, L. Zhou, Y. Shen, and L. C. N. de Vreede, “A highly
linear wideband polar class-E CMOS digital Doherty power amplifier,”
IEEE Trans. Microw. Theory Techn., vol. 67, no. 10, pp. 4232-4245,
Oct. 2019.

H. J. Qian, B. Yang, J. Zhou, H. Xu, and X. Luo, “A quadrature
digital power amplifier with hybrid Doherty and impedance boosting
for complex domain power back-off efficiency enhancement,” /IEEE J.
Solid-State Circuits, vol. 56, no. 5, pp. 1487-1501, May 2021.

D. Chowdhury, S. V. Thyagarajan, L. Ye, E. Alon, and A. M. Niknejad,
“A fully-integrated efficient CMOS inverse class-D power amplifier for
digital polar transmitters,” IEEE J. Solid-State Circuits, vol. 47, no. 5,
pp. 1113-1122, May 2012.

J. 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.

A. Zhang and M. S.-W. Chen, “A watt-level phase-interleaved multi-
subharmonic switching digital power amplifier,” IEEE J. Solid-State
Circuits, vol. 54, no. 12, pp. 3452-3465, Dec. 2019.

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.

V. Vorapipat, C. S. Levy, and P. M. Asbeck, “Voltage mode Doherty
power amplifier,” [EEE J. Solid-State Circuits, vol. 52, mno. 5,
pp. 1295-1304, May 2017.

V. Vorapipat, C. S. Levy, and P. M. Asbeck, “A class-G voltage-mode
Doherty power amplifier,” IEEE J. Solid-State Circuits, vol. 52, no. 12,
pp. 3348-3360, Dec. 2017.

Y. Yin et al., “A broadband switched-transformer digital power amplifier
for deep back-off efficiency enhancement,” IEEE J. Solid-State Circuits,
vol. 55, no. 11, pp. 2997-3008, Nov. 2020.

S.-W. Yoo, S.-C. Hung, and S.-M. Yoo, “A multimode multi-efficiency-
peak digital power amplifier,” IEEE J. Solid-State Circuits, vol. 55,
no. 12, pp. 3322-3334, Dec. 2020.

Y. Li et al, “A 15-bit quadrature digital power amplifier with
transformer-based complex-domain efficiency enhancement,” IEEE J.
Solid-State Circuits, vol. 57, no. 6, pp. 1610-1622, Jun. 2022.

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.

S.-C. Hung, S.-W. Yoo, and S.-M. Yoo, “A quadrature class-G complex-
domain Doherty digital power amplifier,” IEEE J. Solid-State Circuits,
vol. 56, no. 7, pp. 2029-2039, Jul. 2021.

H. Jin, D. Kim, and B. Kim, “Efficient digital quadrature transmitter
based on IQ cell sharing,” IEEE J. Solid-State Circuits, vol. 52, no. 5,
pp. 1345-1357, May 2017.

W. Yuan, V. Aparin, J. Dunworth, L. Seward, and J. S. Walling,
“A quadrature switched-capacitor power amplifier,” IEEE J. Solid-State
Circuits, vol. 51, no. 5, pp. 1200-1209, May 2016.

A. Passamani, D. Ponton, E. Thaller, G. Knoblinger, A. Neviani, and
A. Bevilacqua, “A 1.1V 28.6dBm fully integrated digital power amplifier
for mobile and wireless applications in 28nm CMOS technology with
35% PAE,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2017, pp. 232-233.

A. Balteanu et al., “A 2-bit, 24 dBm, millimeter-wave SOI CMOS
power-DAC cell for watt-level high-efficiency, fully digital m-ary QAM
transmitters,” IEEE J. Solid-State Circuits, vol. 48, no. 5, pp. 1126-1137,
May 2013.

[41]

[42]

[43]

[44]

[45]

[40]

[471

[48]

[49]

[50]

[51]

703

K. Khalaf et al., “Digitally modulated CMOS polar transmitters for
highly-efficient mm-wave wireless communication,” /EEE J. Solid-State
Circuits, vol. 51, no. 7, pp. 1579-1592, Jul. 2016.

S. Shopov, N. Cahoon, and S. P. Voinigescu, “Ultra-broadband I/Q RF-
DAC transmitters,” IEEE Trans. Microw. Theory Techn., vol. 65, no. 12,
pp. 5411-5421, Dec. 2017.

S. Shopov, O. D. Gurbuz, G. M. Rebeiz, and S. P. Voinigescu, “A D-band
digital transmitter with 64-QAM and OFDM free-space constellation
formation,” IEEE J. Solid-State Circuits, vol. 53, no. 7, pp. 2012-2022,
Jul. 2018.

C. Thakkar, A. Chakrabarti, S. Yamada, D. Choudhury, J. Jaussi,
and B. Casper, “A 42.2-Gb/s 4.3-pJ/b 60-GHz digital transmitter with
12-b/symbol polarization MIMO,” IEEE J. Solid-State Circuits, vol. 54,
no. 12, pp. 3565-3576, Dec. 2019.

J. Nguyen, K. Khalaf, S. Brebels, M. Shrivas, K. Vaesen, and
P. Wambacq, “A 10.56 Gbit/s, —27.8 dB EVM polar transmitter
at 60 GHz in 28nm CMOS,” in Proc. IEEE Radio Freq. Integr. Circuits
Symp. (RFIC), Aug. 2020, pp. 179-182.

H. J. Qian, Y. Shu, J. Zhou, and X. Luo, “A 20-32-GHz quadrature
digital transmitter using synthesized impedance variation compensation,”
IEEE J. Solid-State Circuits, vol. 55, no. 5, pp. 1297-1309, May 2020.
H. M. Nguyen, J. S. Walling, A. Zhu, and R. B. Staszewski, “A mm-
wave switched-capacitor REDAC,” IEEE J. Solid-State Circuits, vol. 57,
no. 4, pp. 1224-1238, Apr. 2022.

M. Mortazavi, Y. Shen, D. Mul, L. C. N. de Vreede, M. Spirito,
and M. Babaie, “A four-way series Doherty digital polar transmitter
at mm-wave frequencies,” IEEE J. Solid-State Circuits, vol. 57, no. 3,
pp- 803-817, Mar. 2022.

H. Choi, Y. Lee, and S. Hong, “A digital polar CMOS power ampli-
fier with a 102-dB power dynamic range using a digitally controlled
bias generator,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 3,
pp- 579-589, Mar. 2014.

B. Yang, H.J. Qian, Y. Shu, J. Zhou, and X. Luo, “22-30GHz quadrature
hybrid SCPA with LO leakage self-suppression and distributed parasitic-
cancelling sub-PA array for linearity and efficiency enhancement,” in
Proc. IEEE Custom Integr. Circuits Conf. (CICC), Apr. 2022, pp. 1-2.
Z. Deng, J. Zhou, H. J. Qian, and X. Luo, “High resolution reconfig-
urable phase-tuning line using self-shielded 3-D interdigital capacitor,”
IEEE Microw. Wireless Compon. Lett., vol. 30, no. 6, pp. 605-608,
Jun. 2020.

Bingzheng Yang (Member, IEEE) received the B.E.
degree in microelectronics and the Ph.D. degree in
microelectronics and solid-state electronics from the
University of Electronic Science and Technology of
China (UESTC), Chengdu, China, in 2016 and 2022,
respectively.

His research interests include microwave and
millimeter-wave power amplifiers, transmitters, and
array systems.

Dr. Yang was a recipient of the 2021-2022
IEEE Solid-State Circuits (SSC)-Society Predoctoral

Achievement Award and the 2021 IEEE MTT-Society Graduate Fellowship
Award.

Huizhen Jenny Qian (Senior Member, IEEE)
received the B.E., master’s, and Ph.D. degrees
in electronic engineering from the University
of Electronic Science and Technology of China
(UESTC), Chengdu, China, in 2008, 2011, and 2018,
respectively.

Since 2019, she has been a Faculty Member
with the State Key Laboratory of Electronic Thin
Films and Integrated Devices, UESTC, where she is
currently an Associate Professor. She has authored
or coauthored more than 70 journals and con-

ference papers. She holds more than 20 patents. Her research interests
include microwave/millimeter-wave transceivers, mixed-signal power ampli-
fiers, reconfigurable passive circuits, and on-chip array systems.

Dr. Qian serves as a Technical Program Committee Member for peer con-
ferences, including the IEEE International Wireless Symposium (IWS). She
is also the IEEE MTT-Society Technical Committee Affiliate Member of
MTT-14 on Microwave and Millimeter-Wave Integrated Circuits. She was
a recipient/co-recipient of the 2018 IEEE MTT-Society Graduate Fellowship
Award, the IEEE IWS Best Student Paper Awards in 2015 and 2018, the
IEEE RFIT Best Student Paper Awards in 2016 and 2019, and the IEEE IMS
Student Design Competition Awards in 2017 and 2018.



704

Jie Zhou (Member, IEEE) received the B.E. degree
in microelectronics from the University of Elec-
tronic Science and Technology of China, Chengdu,
China, in 2016, where he is currently pursuing
the Ph.D. degree in microelectronics and solid-state
electronics.

His current research interests include reconfig-
urable transmitter and receiver.

Dr. Zhou was a recipient of the 2017 IEEE
Microwave Theory and Techniques (MTT)-Society
Undergraduate/Pre-Graduate Scholarship Award.

Yiyang Shu (Member, IEEE) received the B.E.
and Ph.D. degrees in microelectronics from the
University of Electronic Science and Technology of
China (UESTC), Chengdu, China, in 2016 and 2021,
respectively.

Since 2021, he has been a Faculty Member
at UESTC. His research interests include the
[ integrated wideband microwave/millimeter-wave/

terahertz oscillator and frequency synthesizer.
‘ @ h Dr. Shu was a recipient/co-recipient of the IEEE

International Symposium on Radio frequency Inte-
gration Technology (RFIT) Student Design Competition Award in 2016, the
IEEE International Microwave Symposium (IMS) Student Design Competition
Award in 2018, the IEEE International Wireless Symposium (IWS) Best
Student Paper Award in 2018, the 2020-2021 IEEE Solid-State Circuits
(SSC)-Society Predoctoral Achievement Award, the 2020 IEEE Microwave
Theory and Techniques (MTT)-Society Graduate Fellowship Award, the 2020
Chinese Institute of Electronics Integrated Circuit Scholarship (Grand Prize),
and the IEEE Radio Frequency Integrated Circuits Symposium (RFIC) Best
Student Paper Award in 2021.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 58, NO. 3, MARCH 2023

Xun Luo (Senior Member, IEEE) received the B.E.
and Ph.D. degrees in electronic engineering from the
University of Electronic Science and Technology of
China (UESTC), Chengdu, China, in 2005 and 2011,
respectively.

From 2010 to 2013, he was with Huawei Tech-
nologies Company Ltd., Shenzhen, China, as the
Project Manager to guide research and development
projects of multi-band microwave/millimeter-wave
(mm-wave) integrated systems for backhaul and
wireless communication. Before joining UESTC,
he was an Assistant Professor with the Department of Microelectronics,
Delft University of Technology, Delft, The Netherlands. Since 2015, he has
been with UESTC as a Full Professor, where he has been appointed as the
Executive Director of the Center for Integrated Circuits. Since 2020, he has
been the Head of the Center for Advanced Semiconductor and Integrated
Micro-System (ASIS), UESTC. He has authored or coauthored more than
150 journals and conference papers. He holds 45 patents. His research interests
include RF/microwave/mm-wave integrated circuits, multiple-resonance tera-
hertz (THz) modules, multi-bands backhaul/wireless systems, reconfigurable
passive circuits, smart antenna, and system in package.

Dr. Luo is a Technical Program Committee Member of multiple IEEE
conferences, including the IEEE Custom Integrated Circuits Conference
(CICC) and the IEEE Radio Frequency Integrated Circuits (RFIC) Sympo-
sium. He is also the IEEE MTT-Society Technical Committee Member of
MTT-4 on Microwave Passive Components and Transmission Line Structures,
MTT-5 on Filters, and MTT-23 on Wireless Communications. He was
bestowed by China as the China Overseas Chinese Contribution Award in
2016 and was selected by the IEEE MTT-Society as the IEEE Outstanding
Young Engineer Award in 2022. He was a recipient of the Center for ASIS
of UESTC Outstanding Team for Teaching and Education Award in 2021 and
the UESTC Excellent Team for Postgraduate Supervision Award in 2021.
He also won the UESTC Distinguished Innovation and Teaching Award in
2018 and the UESTC Outstanding Undergraduate Teaching Promotion Award
in 2016. His Research Group BEAM X-Laboratory received multiple best
paper awards and best design competition awards, including the IEEE RFIC
Best Student Paper Award in 2021, the IEEE RFIT Best Student Paper Award
in 2016 and 2019, the IEEE IWS Best Student Paper Award in 2015 and 2018,
the IEEE IMS Best Student Design Competition Award from 2017 to 2019,
the IEEE IMS Sixty-Second Presentation Competition Award in 2019, and
multiple best paper award finalists from the IEEE conferences. He was the
TPC Co-Chair of the IEEE IWS in 2018 and the IEEE RFIT in 2019. He is
the Vice-Chair of the IEEE MTT-Society Chengdu Chapter. He serves as an
Associate Editor for IET Microwaves, Antennas and Propagation. He was the
Track Editor of IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS
from 2018 to 2021.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


