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A CMOS Wideband Watt-Level 4096-QAM Digital
Power Amplifier Using Reconfigurable
Power-Combining Transformer
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Abstract—In this article, a wideband watt-level digital power
amplifier (DPA) with high efficiency and large dynamic range
is presented in CMOS technology for wireless applications.
To achieve high output power with enhanced operation band-
width (BW), the wideband matching network based on a
reconfigurable power-combining transformer is used. Meanwhile,
the L-C circuit is used to suppress the harmonics, which
further improves the output power of the fundamental signal.
In addition, the LO leakage is suppressed by the 12-bit power
digital-to-analog converter (power DAC), which leads to high
dynamic range of the proposed DPA. To verify the mechanism,
a 1.2-3.6-GHz watt-level 12-bit polar DPA is implemented and
fabricated using a conventional 40-nm CMOS technology. With
1.1-/2.5-V supply, the fabricated DPA exhibits peak output power
(Pyyy) of 32.67 dBm, peak drain efficiency (DE) of 45.1%,
and peak power-added efficiency (PAE) of 35.5% at 2 GHz.
It supports 50-MSyms/s 256-QAM with average output power
(Payg) of 22.76 dBm, error vector magnitude (EVM) of —31.46 dB,
and adjacent channel leakage ratio (ACLR) of —30.67 dBc,
10-MSyms/s 1024-QAM with P,, of 25.54 dBm, EVM of
—38.2 dB, and ACLR of —38.71 dBc, and 5-MSym/s 4096-QAM
with P, of 22.97 dBm, EVM of —43.0 dB, and ACLR of
—46.32 dBc, respectively.

Index Terms—4096-QAM, CMOS, digital power amplifier
(DPA), dynamic range, harmonic suppression, reconfigurable
transformer, tunable inductor, watt-level, wideband.

I. INTRODUCTION

HE modern wireless communication systems often

require watt-level power amplifier (PA) for higher signal-
to-noise ratio and large communication coverage. Meanwhile,
wideband PAs are developed to meet limits of multi-standards
simultaneously. Besides, the increasing demands on high speed
access require PAs with high linearity and large dynamic range
to support high-order modulation signals, such as 1024-QAM
and 4096-QAM. Moreover, mobile, wearable access, and
mini-station demand a miniaturized and low-cost solution.
In general, III-V or SiGe linear PAs are used to achieve
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watt-level output power and high linearity with the merit of
high power density [1]-[4]. However, high supply voltage and
high cost limit the applications of these PAs. To lower the
cost, watt-level CMOS analog PAs were developed in the past
decades. The cascode and stacked PAs are introduced to over-
come the limitation from low breakdown voltage of CMOS
transistors [5]-[11]. Such implementations allow the operation
at higher supply voltage while keeping reliability. However,
the operating points have to be carefully selected so that the
devices operate optimally [12]. Moreover, these PAs still need
high supply voltage and show relatively low efficiency. CMOS
digital PAs (DPAs) are developed with significant merits
of high efficiency and high integration level [13]-[25]. The
polar architecture [26] and IQ cell sharing [27] are attractive
for high-power applications. Besides, to achieve watt-level
output power with limited supply voltage, the on-chip power-
combining technique is developed. Recently, the watt-level
CMOS DPAs are developed with competitive efficiency and
relatively low supply voltage [28]-[35]. However, the match-
ing networks of these DPAs are normally fixed, which limit
the operation bandwidth (BW).

The reconfigurable matching network is introduced for
extended operation BW and enhanced efficiency in PA design.
The impedance of such a matching network can be adjusted
to meet the design requirements of optimized load impedance
(Zopy) for PA implementation in a wide frequency range. The
switched capacitor [36] and dynamic matching network [37]
are proposed to improve the output power and efficiency
for enhanced operation BW. The dynamic load trajectory
manipulation with switch-controlled capacitors is reported
in [38] to optimize the PA load impedance during power back-
off. Besides, a programmable capacitor array is introduced in
switched capacitor PA (SCPA) for frequency tuning [39]. The
reconfigurable matching network and programmable network
used in these works can effectively enhance the operation
BW and improve PA efficiency. However, the saturated output
power of these works is lower than 25 dBm. For higher power
applications, the circuit reliability and extra loss of switches
are key challenges to design reconfigurable matching network.
Once the 2-W power is delivered into a 50-Q load, a nearly
28.3-V peak-to-peak voltage swing is generated, which is
much higher than the supply voltage of advanced-scaling
CMOS transistor. It is not easy to implement high quality
factor CMOS switch under such high voltage swing with
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Fig. 1. Architecture of the proposed watt-level wideband DPA.

good reliability. Furthermore, large dynamic range and low LO
leakage are demanded in DPA design to support high-order
modulation signals [40]. Therefore, it is still challenging
to achieve watt-level DPA with wideband operation, high
efficiency, and low LO leakage using CMOS technology.

To address these challenges, this article presents a wideband
watt-level 12-bit polar DPA with large dynamic range using
a reconfigurable power-combining transformer [41]. First, the
tunable inductor is proposed with enhanced reliability. The
theory of tunable inductor is analyzed. Based on the tunable
inductor, the reconfigurable power-combining transformer is
proposed in the watt-level DPA to extend the operation BW
with improved reliability. Meanwhile, the harmonics are sup-
pressed by L—C circuits, which further improve the output
power of the fundamental signal. In addition, the 12-bit power
digital-to-analog (power DAC) with isolation enhancement is
used to achieve high-resolution amplitude control and LO leak-
age suppression. Then, large dynamic range can be achieved
to support high-order modulation, such as 1024-QAM and
4096-QAM.

This article is organized as follows. Section II introduces the
architecture of the proposed wideband watt-level CMOS DPA.
Section III discusses the matching network of the proposed
DPA with a reconfigurable power-combining transformer,
where the theory and implementation are clearly analyzed
and explained. The implementation of sub-DPA with harmonic
suppression is presented in Section IV. Section V shows the
measurement results and comparisons with state-of-the-arts.
Finally, the conclusion is given in Section VI.

II. ARCHITECTURE OF WATT-LEVEL DPA

The architecture of the proposed wideband watt-level DPA
is shown in Fig. 1. Such DPA consists of the output matching
network with a reconfigurable power-combining transformer,
harmonic suppression circuit, and two identical differential
sub-DPAs. The Class-E switching PA is chosen for the
unit cell of sub-DPA. Two differential sub-DPAs are power-
combined to improve the output power, while a reconfigurable
power-combining transformer is used to extend the operation
BW. Each differential sub-DPA is constituted of the 6-bit
MSB unit cells controlled by thermometer code and 6-bit
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VDD
(b)

Fig. 2. (a) Model of the single-ended Class-E PA with finite dc-feed
inductance L; and switch ON-resistance Roy. (b) Model of the single-ended
Class-E PA with a reconfigurable power-combining matching network.

LSB unit cells controlled by the binary code. The 12-bit unit
cells lead to a high-resolution amplitude control for high-order
modulation. To obtain higher output voltage swing, the 2.5-V
thick-oxide transistors are used to implement both the MSB
and LSB unit cells. The LO leakage is also suppressed by the
2.5-V thick-oxide transistors. Therefore, a large dynamic range
can be achieved. Meanwhile, considering the reliability, the
cascode topology is introduced in unit cell design. The L-C
based circuits are introduced to suppress the harmonics, which
could further improve the output power of the fundamental
signal. The 2.5-V digital AND gates with buffers combine the
phase-modulated (PM) signal and thermometer/binary codes,
which drive the MSB and LSB unit cells. Two parallel 1:6
deserializers are introduced in each sub-DPA to convert the
serial input baseband signals BBy and BB, into parallel
signals H < 5:0 > and L <5 : 0 >, respectively. Two
sampling clocks CLKy and CLK; (CLKy = 6CLK,) are
required in each deserializer. The encoders transform the
H <5:0>and L <5:0 > signals to thermometer and
binary control codes. The level shift circuits convert 1.1-V
rail-to-rail output signals of encoders into 2.5-V signals,
which drive the digital AND gates. Note that the baseband
signals and sampling clocks are shared for each sub-DPA.

III. RECONFIGURABLE POWER-COMBINING
MATCHING NETWORK

To discuss the matching network design of watt-level DPA,
the model of the single-ended Class-E PA with finite dc-feed
inductance L; and switch ON-resistance Ry 1S shown in
Fig. 2(a). Ry is the parasitic resistor. Considering the ideal
impedance transform network with a turn ratio of 1:n, the
output power on the effective load R can be calculated by

VDD?p(q, m)’ 1
out — .
2KL1(Q7m)2 R—R}( +R+2RX

(1
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Fig. 3. Equivalent circuit and schematic of (a) proposed tunable inductor and
(b) conventional directly connected tuning network using tunable capacitor.

The drain efficiency (DE) can be evaluated by

R . o (Veon(t)?)dt
T= Ry +R '

VDD [y Veon(t)dt

where V(.. is the transient voltage across capacitor C; in
the time interval 0 < ¢t < w/m. The design parameters
(i.e., Kz, and p) of the model can be expressed by the free
design variables ¢ = 1/(w+/L1Cy) and m = wRonC; [42].
The parasitic resistance Ry should be much smaller than
R = Ry /n? for higher DE. With limited supply voltage VDD
in the conventional CMOS technology, a smaller impedance
R = R;/n? should be adopted to achieve watt-level output
power. Therefore, the transformation network with larger turn
ratio n is needed to convert the smaller impedance R into
R;. However, the loss of the transformation network usually
increases with larger turn ratio n, which would further decrease
the PA efficiency. Besides, to obtain wideband operation, the
matching network should be finely designed to meet the design
requirement of R in a wide frequency range.

In this work, the matching network with a reconfigurable
power-combining transformer is introduced, as shown in
Fig. 2(b). The tunable inductor with enhanced reliability
under high voltage swing and high quality factor is intro-
duced in reconfigurable transformer design. The matching
network with reconfigurable transformer can be reconfigured
to meet the design requirement of Z,y in a wide frequency
range. Moreover, the voltage-mode power-combining tech-
nique, which needs lower impedance turn ratio compared with
the current-mode combining technique [43], [44], is used to
further improve the output power of the proposed DPA.

)

A. Reconfigurable Transformer

The equivalent circuit of the tunable inductor is shown in
Fig. 3(a) (i.e., Type I). R; is the parasitic resistor of the
inductor L;. The extra inductor L; connected to the tunable
capacitor C; is coupled to L; with a coupling factor of
ki;. R, is the parasitic resistance of the tuning network. L,
and Q). are the equivalent inductance and qualify factor of
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Fig. 4. (a) Calculated Qj, and Q2. when only R; is changed (L; = 1 nH,
Ry =1Q, L, =500 pH, k;; = 0.5, and C; = C;» = 1 pF). (b) Calculated
Qie and Qz, when Ly, = Ly, (L1 = 1nH, Ry =1 Q, L, =500 pH, kj; =
0.5, and R, = 0.5 Q).

the tunable inductor, respectively. The conventional directly
connected tuning network using tunable capacitor Cy, is shown
in Fig. 3(b) (i.e., Type II). The tunable capacitor C,, with
the parasitic resistor R, is connected to the inductor L;. Ly,
and Q,, are the equivalent inductance and qualify factor of
Type 11, respectively. Li., Lo, Q1., and Q», can be calculated
and compared. The corresponding equations and derivations
in detail are shown in Appendix A. The calculated Q.
and Q). across R, are shown in Fig. 4(a). The proposed
tunable inductor (i.e., Type I) shows higher Q compared with
Type II. Meanwhile, when R, increases, the quality factor
degradation of Type I is less than Type II. In addition, the
tunable capacitors C; and Cy; are finely adjusted to tune
Ly, and L,,, respectively. The calculated Q;, and Q,, under
the case of L, = L,, are shown in Fig. 4(b). The directly
tuning network introduces a critical effect on Q,,. Meanwhile,
the proposed tunable inductor shows a little Q degradation
when L, is tuned. Therefore, compared with the conventional
tuning network using directly connected tunable capacitor,
the proposed tunable inductor indirectly affects the winding
through EM coupling, which introduces less loss.

Based on the tunable inductor, the equivalent circuit and
schematic of two-port reconfigurable transformer are shown in
Fig. 5(a). L, is the primary inductor of the transformer with
the parasitic resistor R,. The secondary inductor L, with the
parasitic resistor R, is coupled to L, with coupling factor k .
The extra inductor L, with the parasitic resistor R, is coupled
to Ly with coupling coefficient ky,. By tuning the capacitor
C,, which is connected with L,, the equivalent secondary
inductance L/, can be adjusted. Note that the undesired weak
coupling k,, between L, and L, is hard to be eliminated in
practical implementation. Thus, k,, is considered in principle
analysis, which would slightly affect the equivalent primary
inductance L’,, and equivalent resistance R),. R{, is the
equivalent resistance of L/,. k', represents the equivalent

pse
coupling coefficient of the transformer.
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Fig. 5. Equivalent circuit and schematic of (a) two-port reconfigurable trans-
former and (b) reconfigurable voltage-mode power-combining transformer.

The impedance matrix [Z7 4] of such a two-port transformer
can be expressed by (3), shown at the bottom of the previ-
ous page. The derivation procedures in detail are shown in
Appendix B. L', L{,, R}, R, quality factors, and k, , can
be evaluated by the following equations:

a)kf,,L,,Ll[l/(a)C,) —wlL;]

L imag([Z7ali1) _

e w "7 R+ (oL, — 1/(0C)P
4)
o imag([Z74]2) _ k% LyL,[1/(wC;) — wL,]
s w P R2 4 [wL, — 1/(wC)]?
(5
k2, Ly LR,

R, =real([Zrali1) = R, +

" R? + [oL, — 1/(aC))P2
(6)
*k% LL,R
R., =real((Zral2) = Rs + sLsLi Ry o
([Z74l22) s R? + [wL, — 1/(wC)]?
wl’
Q/Pe,se = /pe,se (8)
pe,se
i z
v, = mae(Zral/o o

N

To achieve higher output power, the power-combining
technique using transformer is usually used in integrated
circuit design. The voltage-mode power-combining trans-
former, which requires lower impedance turn ratio com-
pared with the current-mode power-combining transformer
[43], [44], is adopted in this work. The reconfigurable
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voltage-mode power-combining transformer is proposed as
shown in Fig. 5(b). The corresponding impedance matrix
[Z7p] of such a three-port network can be derived and
expressed by (10), shown at the bottom of the page. The weak
coupling between primary inductors is ignored. The equiv-
alent inductances L., L., equivalent resistances Ry., R,
equivalent quality factors Q ., Oy, and equivalent coupling
coefficient k. can be calculated by the following equations:

_imag([Zrplnn) wkp, LpLill/(@C)) —20L,]
pe = o 7 AR + [20L, — 1/(wC))]?
(11
,_ imag(Zrsls) _ | 20k LiLi1/(@C)~20L]
se = 2w AR+ 20l — 1/(@C)P
(12)
R 1([Z R 20k Ly LiRy
pe =real((Zrgli) = Ry + 4R? + [20L, — 1/(0C))]2
(13)
Rse _ 1‘6211([2%]33) _ RS + . 4a)2k§ILsLth 5
4R? + [20L; — 1/(0C))]
(14)
L e,se
Qﬂe,se = u 1
Rpe,se
i Z
ko = MAEUZT8L31)/00 (16)

VLse X Ly,

It can be seen that the equivalent secondary inductance
L. is affected by C;, L;, k,, and R;. By tuning C;, L.
can be controlled to tune the input impedance of the net-
work. Therefore, it is possible to design the reconfigurable
matching network for enhanced BW based on the proposed
reconfigurable power-combining transformer. Following the
aforementioned theories and equations, we can easily design
tunable inductor and reconfigurable transformer for different
requirements.

B. Implementation of Matching Network With Reconfigurable
Power-Combining Transformer

As shown in Fig. 6, the proposed reconfigurable matching
network is implemented by a reconfigurable power-combining
transformer, four switched capacitors C,; at inputs, and fixed
capacitor C, at output. Considering the reliability problem
of CMOS switch under high voltage swing after power-
combining, the output capacitor C, is set to be fixed. The
switched capacitor banks C; and C; are used for the recon-
figurable matching network. C; is composed of a switched
capacitor Cy4, of 3.5 pF and a fixed capacitor Cy4; of 2.7 pF.
The capacitance of C; is 6.2 pF with Q of 31.5 when Cy,

212 2
w ks, L,L, 207 ksrkp Liy/LpLs
R, + joL, + p b 0 ek ps /Ly Ls + :
PR TR+ j20L, — j/(@C) SO e T R j2wL, — j/(@Cy)
272 2
w°kz,L,L 2w kgtkpi Liy/L,Lg
[(Zrs] = 0 R, + joL, + __ppt JjokpsJLyLs + stfpt iy p s (10)
2R; + j2wL; — j/(0Cy) 2R; + j20L; — j/(@Cy)
20 kyikp Le /L Ly 20%kgikp Le/L Ly 40?k% Ly L,

jwk L,L
ety ks ¥ SR 20, — j/@Cy)

jowk s/ L, Ls + n -
SOy s T R 2wk, — j/(@Cy)

2R; + j2wlLg + " "
s 2R, + j2wL; — j/(wC;)
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switched-ON at 2 GHz, while C; is 3.4 pF with Q of 139 when
Co switched-OFF at 2 GHz. The switched-ON C; is 2.5 pF
with Q of 40.1, while the switched-OFF C; is 0.6 pF with O
of 31.7 at 2 GHz. The top three thick metal layers (i.e., ALPA,
UTM, and TM) are used to implement the power-combining
transformer for higher quality factors and enough current
capability.

L, and L are the primary and secondary inductors of the
transformer, respectively. L; connected with C; is coupled to
L with coupling coefficient of k. The equivalent secondary
inductance L, can be adjusted by tuning C,. However, due
to the undesired weak coupling k,;, L,. would be slightly
affected when C; is tuning. The calculated and EM-simulated
Lse, Qses Lpe, Qpe, and kpg at 2.4 GHz are compared
in Fig. 7. The calculated results are based on (11)-(16).
The parameters (L,, Qp,, Ly, Qs, kps, L;, QO ky, and
kp;) are extracted from the EM-simulated results. To avoid
the undesired influences introduced by parasitics of practical
capacitors and switches, the ideal model of tunable capacitors
is used in the calculation and simulation. The calculated and
EM-simulated results show good agreement. The equivalent
secondary inductance L, is adjusted in a relatively large
range when C; is tuning. Meanwhile, L ,, and k. are slightly
affected by C;. In addition, the proposed transformer shows
little degradation of Q. and Q,, when C; is increased.

The impedance Z; of the matching network could be
controlled by tuning C; or C,;. Z; is simulated at different
frequencies, as shown in Fig. 8. When the capacitor Cy is
tuned and C; is switched OFF, the simulated tuning ranges of
Z; at different frequencies are expressed by the red curves.
Z is only obtained in a small range, which could not meet the
design requirement of Z,, in wideband. Meanwhile, by adjust-
ing both C; and Cy, the tuning range of impedance Z; (the
blue region) could be further extended, which finely meets
the optimum load impedance Z,, in a wide frequency range.
Therefore, the proposed reconfigurable matching network can
enhance the operation BW of the proposed DPA.

Two optimized operation modes (i.e., Modes I and II) are
used to optimize the impedance matching at different frequen-
cies for enhanced BW. To evaluate the passive efficiency of
the proposed matching network under two operation modes,

C,=2.7pF
1 C,=3.5pF

Q

25V
©

(a) Equivalent circuit, (b) schematic, and (c) configuration of the proposed matching network with a reconfigurable power-combining transformer.

1300 340
. —%- Calculated /’ — —%- Calculated
E-IZ 00 | =©-EM-simulated / E_ 320 =&~ EM-simulated
§ / S
g 4 g3 @24 GHz
g " g
& = D
£1000 5280 T
S @24GHz | R | ot
900 260
0 1 2 3 4 5 0 1 2 3 4 5
G (pF) C: (pF)
15 18
@ 2.4 GHz @ 2.4 GHz
314 By 17
S "ﬁ-ﬁks\\ SIK o ©
;:'; 13 -\ % 16 A\
E Y | E ’
g 12 \ = 15
=5 =
R 11 |[—%Calculated | M 14 ||~ Calculated
-©-EM-simulated| \, -©- EM-simulated|

—
=
-
w

0 1 2 3 4 5 0 1 2 3 4 5
C, (pF) C, (pF)
0.79 T
—%- Calculated A
, 078 | -©~ EM-simulated| ?
kﬁ.
<077 |
=2
£076
5 /
g 075 ; @ 2.4 GHz
0.74 : :
0 1 2 3 4 s
C: (pF)
Fig. 7. Calculated and EM-simulated equivalent Ly, Lpe, Qses Qpe, and

kpse at 2.4 GHz based on (11)-(16) (L, = 267 pH, Q, = 16.59, Ly =
960 pH, Oy = 13.59, k; = 0.741, L; = 245 pH, Q; = 8.69, ks; = 0.513,
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the single-ended equivalent circuit of the matching network
based on the reconfigurable power-combining transformer is
shown in Fig. 9. The voltages and currents applied to the ports
of the transformer can be presented by the following equation
based on the impedance matrix [Z7g]:

Vi=1[Zrplu x I + [Zrlio X L — [Zrpli3 X I3
Vo =[Zrglay X I + [Z1lo X I — [Zrplas X I}
Vi =1[Zrplsi x I + [Zrplsa X b — [Zrpl33 X I

a7)



362

-i0.2 K / L -i0.3 N X i
® 7,,at1.2 GHz ® 7,,at 1.8 GHz
= Tune C, within 15pF while C, switched off| | m Tune C, within 10pF while C, switched off
Tune both C, and C, within 15pF Tune both C,; and C, within 10pF
=JUS T — JZU JUS T : =JZT

iz

7 :jl.ii 7 ) :jl.(; .
(a) (b)

+1.0 +1.0
405 L 420 -
J Z, @24 GHz 2
Zy T 4j5.0
/.—~ [’ \
Zr/pl ja] €00

~Gsa oy
® 7, at 3.6 GHz
= Tune C,; within 2.8pF while C, switched off|

Tune both C,; and C, within 2.5pF
— =z U T EL0Y

=i \ .
® 7, at2.4 GHz
= Tune C, within 6pF while C, switched off

Tune both C, and C, within 6pF

=JUS

Lo o
() (d)
Fig. 8. Simulated tuning range of impedance Z; at (a) 1.2, (b) 1.8, (c) 2.4,
and (d) 3.6 GHz.

Fig. 9. Single-ended equivalent circuit of the proposed matching network
with a reconfigurable power-combining transformer.

where I = —I5. For simple analysis, I; = I, and V| = V, are
assumed. I; can be derived as
e
y—— +[Z7Bl33
LT 2juCo ’
I = L. (18)
2[ZrBl31 :

The input power of port 1 can be evaluated. First, the input
impedance Z;,; can be expressed by the following equation
based on (17) and (18):

Vi
Zinl = 1_1
I
=[Zrplu — [ZTB]ISI;
1
AVASIEY
=[Zrplui — [Z7rB]13 - (19)
2jwCo
m + [ZTB]33

The input current /;,, can be derived as

Ly =151 +1;
L Zin

1
JjoCq

=5L+
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=14+ Zin x joCy)

RL 3700
= + [ Zrglss

LT 3jwC,y I/
2Zrpln 3

The input power of port 1 can be calculated using the following
equation:

=1+ Zin x joCy)

(20)

Piy =real(liy X I X Zip2) 21)
where
Zinl ——
Zimy = —— 125 22)
Zin + 500

The output power delivered to the load R; should be calcu-
lated. Considering the output capacitor 2C,, the output current
Iy of the load R; can be expressed by

1 !
Tout L. (23)

 2jeC(RL+ i)

The output power delivered to the load Ry can be evaluated
using the following equation:

Poy = real(Ioye X Iy,

x RL). (24)

The input power of port 2 is identical to port 1. Therefore,
the passive efficiency of the proposed matching network can
be calculated by

off. = — ™ 100%.
P, in + P in

To obtain more accurate calculation result of passive effi-
ciency in a wide frequency range, the frequency-dependent
parameters of the reconfigurable power-combining transformer
G.e., Ly, Ly, L;, Qp, Qs. O, kps, ky, and ky) are
considered in calculation. The simulation results of these
frequency-dependent parameters versus frequency are shown
in Fig. 10. It can be seen that L, and L, show good quality
factors in a wide frequency range, which benefits the passive
efficiency. The calculated and simulated passive efficiencies
of the proposed matching network under two operation modes
(i.e., Modes I and II) are compared in Fig. 11, which show
good agreement. It can be seen that the passive efficiency
of the proposed network is larger than 67% in the operation
BW. The calculation results shown in Fig. 11 assume that all
the input impedances of the power combiner are identical.
However, due to the asymmetric layout of the voltage-type
combiner when using a single-ended output, the imbalances of
this type of combiner exist. Such imbalances lead to unequal
impedances at each input port of the power-combining trans-
former [45]. Therefore, the mismatch between the simulation
and calculation is mainly caused by the imbalance of the layout
for the proposed transformer.

To enhance the reliability of switch, the circuits of cascode
thick-oxide MOSFETs are used to implement the switched
capacitor Cy4. As discussed in Appendix A, to improve the
reliability of C; after power-combining, the ratio of L,/L;
should be low, which limits the voltage swing across C;,
as shown in Fig. 6(c). When the proposed DPA delivers a
saturated output power at 2 GHz in operation Mode I with

(25)
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Cs; = 6.2 pF and C;, = 2.5 pF, the simulated voltage V;
across C; and the output voltage Vo, of the proposed DPA
are depicted in Fig. 12. V, shows peak-to-peak voltage swing
of about 5 V, which is much lower comparing to DPA output
Vour- Thus, the single 2.5-V thick-oxide transistor is used to
implement the switched capacitor C; with good reliability.

IV. POWER DAC WITH LO LEAKAGE AND
HARMONIC SUPPRESSION

The configuration of the 12-bit power-DAC with the 6-bit
MSB and 6-bit LSB unit cells is shown in Fig. 13. The
dimensions of each transistor for the 6-bit MSB are set
to 72.5 um/270 nm. The sizes of the cascode devices for
the 6-bit LSB are 36.25, 18.13, 9.065, 4.54, 2.27, and
1.135 um/270 nm, respectively. The outputs of sub-DPAs
are connected to the reconfigurable matching network. The
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simulated LO leakage of the 6-bit MSB unit cells implemented
using 1.1-V transistors and 2.5-V thick-oxide transistors is
compared in Fig. 14. The lengths of 1.1-V transistors and
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2.5-V thick-oxide transistors are set to be minimized value
of 40 and 270 nm, respectively. With identical ratio of
width/length, the power DAC based on 2.5-V thick-oxide tran-
sistors features lower LO leakage. In addition, the thick-oxide
transistors with 2.5-V supply shows higher output power.
Therefore, the thick-oxide transistors are used to implement
the 12-bit power-DAC for watt-level output power and rela-
tively low LO leakage in this work. In addition, considering
the reliability, the cascode structure is introduced in unit cell
design, which handles higher voltage stress.

Meanwhile, the EM coupling introduced by routings of
power DAC further deteriorates the LO leakage. The cross
section views of two types of sub-PA routings are depicted in
Fig. 15. Type A and Type B are the proposed and conventional
routing schemes, respectively. The weak coupling between PM
input routing and output routing of the sub-PA further deterio-
rates LO leakage. The GND implemented using stacked metal
layer is introduced in this work (i.e., Type A), which improves
the isolation between input—output and further decreases the
LO leakage. The simulated LO leakage of Types A and B is
compared in Fig. 15. Type A introduces more than 15-dB LO
leakage suppression improvement compared with Type B.

The L—C circuit is introduced in each sub-DPA as shown
in Fig. 13, which could generate a transmission zero at
about 4 GHz to suppress the third harmonic of the funda-
mental signal at lower frequency. The inductor L,, which is
implemented using top thick metal layers, is 458 pH with a
quality factor of 15.5. The L—C-based harmonic suppression
circuit is controlled by the switch Sy . The single thick-oxide
transistor is used to design the switch Sy . The simulated peak-
to-peak voltage swing across the switch Sy is only about
1.4 V at 2 GHz. As illustrated in Fig. 16, when the proposed
DPA operates at lower frequencies, Sy is switched ON. The
third harmonics of the fundamental signals are suppressed.
Meanwhile, the impedance matching is further optimized by
the harmonic suppression circuit, which contributes to the
improved output power of the fundamental signals. The simu-
lated transient drain voltage of the cascode unit cell with and
without harmonic suppression at 2 GHz is shown in Fig. 17.
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V. FABRICATION AND MEASUREMENT

The proposed watt-level DPA is fabricated using a conven-
tional 40-nm CMOS technology occupying 2 mm x 1.3 mm
including all I/O pads. The core circuit is only 1.46 mm x
0.55 mm. The microphotograph of the fabricated DPA is
shown in Fig. 18. The supply voltage is 1.1/2.5 V. The mea-
surement setup is shown in Fig. 19. The chip is wirebonded
on a PCB for measurement. For modulation measurement, the
vector signal generator generates the PM signal. The wideband
balun converts the signal of the vector signal generator into
differential, which feeds the proposed DPA through GSSG
probe. The baseband signals (i.e., BBy and BB, ) and sam-
pling clocks (i.e., CLKy and CLK; with CLKy = 6CLK})
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are generated by the arbitrary waveform generator (AWG).
Besides, the output signal of the proposed DPA is attenuated
by a 20-dB attenuator and measured by the spectrum analyzer.

The measured saturated output power Py, DE, and power-
added efficiency (PAE) versus frequency are depicted in
Fig. 20(a). The proposed DPA features a peak Py, of
32.67 dBm with 45.1% DE and peak PAE of 35.5% at 2 GHz.
The power dissipation of core circuits, driving circuits, digital
circuits, and all the logic blocks is considered in PAE calcu-
lation. Two optimized operation modes (i.e., Modes I and II)
are adopted to optimize the output impedance of the DPA
at different frequencies, which leads to BW enhancement.
The 1-dB BW of operation Mode I is about 1.45-2.4 GHz.
Meanwhile, the 1-dB BW of operation Mode II is about
1.7-2.85 GHz, which effectively extends the operation BW
of the proposed DPA. The 3-dB BW of the proposed DPA
is 1.2-3.6 GHz, i.e., 100% FBW. Besides, the proposed DPA
exhibits the LO leakage of —82.97 dBm and dynamic range
of 115.64 dB at 2 GHz, as shown in Fig. 20(b). The dynamic
range is defined as the difference between the maximal and
minimal output power of DPA [40].

The measured typical AM-AM and AM-PM distortions
of the proposed DPA at 2.4 and 3.5 GHz are shown in
Fig. 20(c). The AM-PM distortion is mainly caused by the
varying output impedance of transistors versus code. Two 1-D
digital predistortions (DPDs) with lookup table are required to
enhance both the amplitude and phase linearity of the DPA.
The AM-AM distortion is minimized by the DPD with AWG.
Meanwhile, the AM-PM distortion of the DPA is improved
by the DPD with a vector signal generator. As illustrated in
Fig. 21, the constellation and spectrum of the 256-QAM sig-
nals are measured at different frequencies. Note that limited by
the 200-MHz sampling rate of the vector signal generator, the
maximal symbol rate is 50 MSym/s with 4 upsampling ratio.
10000 symbols are measured in the modulation measurement.
At 1.8 GHz, the 25-MSym/s 256-QAM modulation signals
are measured, which exhibit the average output power (Pyye)
of 24.85 dBm, average PAE of 16.94%, EVM of —31.37 dB,
and adjacent channel leakage ratio (ACLR) of —32.05 dBc.
At 2.4 GHz, the 25-MSym/s 256-QAM modulation signals
are measured. They feature P, of 25.48 dBm, average PAE
of 18.82%, EVM of —32.11 dB, and ACLR of —32.83 dBc.
Meanwhile, at 3.5 GHz, the 50-MSym/s 256-QAM modulation
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signals are measured, which show P, of 22.76 dBm, aver-
age PAE of 13.45%, EVM of —31.46 dB, and ACLR of
<-30.67 dBc.
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Moreover, the 10-MHz 1024-QAM signals are measured at
1.8, 2.4, and 3.5 GHz, as shown in Fig. 22. At 1.8 GHz, the
measured 10-MSym/s 1024-QAM modulation signal shows
Pyg of 25.85 dBm, average PAE of 15.35%, EVM of
—38.86 dB, and ACLR of —41.21 dBc. At 2.4 GHz, the
10-MSym/s 1024-QAM modulation signals are measured,
which exhibit P, of 25.54 dBm, average PAE of 16.68%,
EVM of —38.2 dB, and ACLR of —38.71 dBc. Meanwhile, at
3.5 GHz, the 10-MSym/s 1024-QAM modulation signals are
measured, which feature Py, of 23.52 dBm, average PAE of
15.27%, EVM of —37.58 dB, and ACLR <—41.27 dBc.

Besides, even the 4096-QAM modulation signal could be
supported by the proposed watt-level DPA. To achieve higher
data rate, the higher order QAM signal (e.g., the 4096-QAM)
should be supported by the future wireless transmission sys-
tem. The 4096-QAM is introduced in IEEE 802.11 be (i.e.,
Wi-Fi 7) for peak data rate improvement. The measured EVM
and spectrum of 5-MSym/s 4096-QAM at 2 GHz are shown
in Fig. 23, which exhibit the EVM of —43.0 dB and ACLR
—46.32 dBc with 22.97-dBm P,y,.

The EVM and ACLR of the 64-QAM and 256-QAM
modulation signals versus symbol rate are measured at 2.4 and
3.5 GHz, as shown in Fig. 24(a) and (b). With a constant
sampling rate of 200 MHz, the EVM and ACLR increase with
higher symbol rate, which means a lower up-sampling rate.
With higher up-sampling rate, the EVM and ACLR could be
better. Moreover, the memory effect could further deteriorate
the EVM and ACLR when the DPA transmits modulation
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signal with higher symbol rate. With 20 up-sampling rate,
the 10-MHz 64-QAM signal at 2.4 and 3.5 GHz shows the
EVM of —37.78 and —35.7 dB and the ACLR of —38.36 and
—38.87 dBc, respectively. Meanwhile, the 10-MHz 256-QAM
signal at 2.4 and 3.5 GHz shows the EVM of —38.06 and
—39.17 dB and the ACLR of —38.78 and —42.97 dBc, respec-
tively. Fig. 24(c) and (d) exhibits the measured EVM and
ACLR of 50-MSym/s 64-QAM and 10-MSym/s 1024-QAM
modulation signals versus P, at 2.4 and 3.5 GHz, respec-
tively. As shown in Fig. 25, the measured 20-MHz 64-QAM
WLAN OFDM signal exhibits P, of 24.15 dBm with
—26.3-dB EVM at 2.4 GHz. The measured out-of-band (OOB)
spectrum of 10-MHz 1024-QAM and 50-MHz 64-QAM at
2.4 GHz is shown in Fig. 26. The maximal sampling frequency
is only 200 MHz, which limits the OOB spectrum, including
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the spectral image suppression. The larger sampling frequency expressed by
would move the replicas further, which enhances the spectral
. s . wzk% L\L;
images’ suppression. Ziu =R+ joL, + t (26)

The measured performance of the proposed DPA is summa-
rized and compared with the state-of-the-art in Table 1. Using
reconfigurable power-combining transformer with harmonic
suppression, the proposed watt-level polar DPA demonstrates
a wide 3-dB BW of 1.2-3.6 GHz (100% 3-dB FBW) and
1-dB BW of 1.45-2.85 GHz (65.1% 1-dB FBW), which are
competitive compared with other state-of-the-arts watt-level
PAs. Meanwhile, the proposed DPA shows high efficiency
with peak DE of 45.1% and peak PAE of 35.5%. The mod-
ulation test further demonstrates that the proposed polar DPA
could support maximal 50-MHz 256-QAM signal and 5-MHz
4096-QAM signal.

VI. CONCLUSION

In this article, a wideband watt-level polar DPA is pro-
posed. The reconfigurable power-combining transformer is
introduced to further enhance the operation BW and improve
the output power. The detailed theories and operation of the
reconfigurable power-combining transformer based on tunable
inductor are discussed. Meanwhile, the L—C circuit is used
to suppress the harmonic. The 12-bit power-DAC featuring
high resolution and dynamic range is introduced to support
high-order modulation signals. The proposed DPA fabricated
in the 40-nm CMOS technology shows the merits of wideband,
high efficiency, watt-level output power, and low LO leakage,
which are attractive for multi-standard wireless communica-
tion applications.

APPENDIX A
The equivalent circuit of the tunable inductor is shown in
Fig. 3(a) (i.e., Type I). Z;; of such a one-port network can be

R+ joL; — ]/(a)C,)

The equivalent inductance L, of the one-port network can be
derived as

le =

imag(Z) _ wkftLlL,[l/(wC,) —wlL,]
T "R A (oL, — 1/(@C)P

It can be seen that L, is affected by L, L,, C,, ky;, and R;.
The equivalent quality factor Q. of the tunable inductor can
be expressed by (28), shown at the bottom of the next page.
To discuss the effect of Cy, L;, ky;, and R;, the calculated L,
and Q. at 2.4 GHz using (27) and (28) are shown in Fig. 27(a)
and (b), respectively. The inductor with L; = 1000 pH and
Ry =1 Q at 2.4 GHz is adopted. Various values of C,, L,,
ki, and R, are analyzed when 1/(wC,) > wL,. As shown
in Fig. 27(a), L, can be adjusted in a relatively large range
when C; is tuning. L;, obviously increases with larger L,
and ki;. Meanwhile, the resistor R, shows little effect on L.
As shown in Fig. 27(b), the equivalent Q. is calculated under
the same conditions in Fig. 27(a). Q). is affected by C,, L,,
ki, and R,. The decreased R, would lead to larger Q.. Note
that when C; is tuned to control L., the proposed tunable
inductor shows little degradation of Q.. The conventional
directly connected tuning network using tunable capacitor C;,
is shown in Fig. 3(b) (i.e., Type II). The equivalent inductance
L,, and quality factor Q», of Type II can be calculated by (29)
and (30), shown at the bottom of the next page, respectively.

To investigate the reliability of C;, the voltage V, across
C, is discussed. V; can be calculated by (31), shown at the
bottom of the next page. V; is the input voltage of the one-
port network. To simplify the analysis, the ideal condition R;

. (27
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TABLE I
COMPARISON WITH STATE-OF-THE-ART WORKS
Thi X 2020 2016 2020 2019 2017 2012
1§ wor JSSC [2] TMTT [6] JSSC [28] JSSC [29] ISSCC [31] | JSSC [34]
Technology 40-nm CMOS SiGe 28-nm CMOS| 65-nm CMOS | 65-nm CMOS | 28-nm CMOS | 45-nm CMOS
. . . Polar Quadrature
Topology Polar with reconfigurable Linear class-AB Triple-stack | Polar SW.ItChed multi-subharmonic|  switched Outphasing
transformer PA capacitor o .
switching capacitor
Supply (V) 11225 5 3 25 24/3.6 1.1 24
Operation 1.2-3.6 (3 dB BW) 49-59 1.5-1.95% 24 1.65-2.2%* 25 1.5-3.2
frequency (GHz) 1.45 - 2.85 (1 dB BW) (1 dB BW) (1 dB BW) ’ (1dB BW) : (3 dB BW)
Py, (dBm) 32.67 33.0 31.2 30.0 30.0 28.6 31.5
Efficiency (%) 45.1 (DE), 35.5 (PAE) 35.5 (PAE) 33 (PAE) 40.2 (DE) 45.9 (DE) 35 (PAE) 27 (PAE)
Modulation 5 MHz 50 MHz 80 MHz 3.84 MHz 10 MHz 5MHz 16-QAM | 20-40 MHz 20 MHz
4096-QAM 256-QAM | 802.11ax MCS11| W-CDMA 1024-QAM OFDM WIFI 64-QAM
Frequency (GHz) 2.0 3.5 5.53 1.8 2.4 1.9 2.5 2.4
EVM (%) 0.71 2.67 1.0%* 1.7 0.6 5.82 43-54 5.6
ACLR (dBc) —46.32 -30.67 N/A -33 N/A =35 —44.7 N/A
P, (dBm) 22.97 22.76 19.4 26.5 23.2 22.8 17.3 24.8
Size (mm?) 2.6 (0.99%) 2.03 3.36 3.36 72 13 3.12
* Estimated from figures. ** Dynamic EVM.
I Core size.
= R, = 0 is assumed. Equation (31) can be simplified as T ¢, __2__}
71
|
|
ki L, L) I
| |
v, = - [V (32) e, ==~
1—w?L,(1—k})C\ Ly . z

It can be seen that V; can be decreased by decreasing L, or
increasing L (i.e., a smaller ratio of L,/L;). Therefore, it is
possible to limit V; for enhanced reliability by decreasing the
ratio of L,/L; even when V| is much higher than V.

APPENDIX B

|
|
|
———

The schematic of the two-port reconfigurable transformer
is shown in Fig. 28. To derive the impedance matrix [Z74],
the three-port network of three coupled inductors including
L,, Lg, and L; is considered. The impedance matrix of
such a three-port network is represented by [Z]. V,, and I,

Fig. 28. Schematic of the two-port reconfigurable transformer.

When the capacitor C; is connected to port 3 as shown in
Fig. 28, V3 can be expressed by

(n =1, 2, 3) represent the voltage and current of the nth port, Vi=—1I;3 x v (34)
respectively, as shown in Fig. 28. The voltage at each port can ) J O
be expressed by the following equation: Equation (33) can be further expressed by
Zuxh4+Znxbh+Zisxl=V, Zuxh+Zpxh+Zyxh=V,
oy X1 +Zpyxh+ZyxIl3 =V, (33) Inxhtinpxhtinxh="V (35)
Zyy X 11 +Z3p X I + Z33 x I3 = Vi. Zyxh+Zpxh+ZysxIz=—1I3 % ]CUC .
t
0L — oL, oL iR +oLiloL, —1/(@C))* — ok}, L L[wL, — 1/(oC))] 28)
7 real(Zy) RIR? + Ri[oL, — 1/(0C) + Rk, LI L,
L [—R/(@Cp2) + L1 R (R + R) — (RiR, + L1/ Cpp)[wLy — 1/(0Cp2)] (29)
2¢e =
o(Ry + R)? + o[wL; — 1/(wCp)]?
0 [=Ri/(@Cp2) + L1 R (R + R) — (RiR, + L1/ Cpp)[wly — 1/(0Cr2)] 30)
2¢e =
(RiR; + L1/C) (R + R) + [oLy — 1/(wCp)][wL1 Ry — R /(wCy2)]
ki~/L1L
v, 1/ LiLy Vi 31

" C(R + joL)[R + joL, — j/(@C)] + Ca?k3 L L,
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Finally, the impedance matrix [Z74] of the two-port
reconfigurable transformer can be derived as the following

equations:
Vi
[(Zralll = —
I L=0
27,2
ks, L,L,
=R, + joL,+ - (36)
b b R, + joL, — j/(wC))
1%}
[Z7alo = —
I 1,=0
Ry + joL, + kLo L 37)
= K5 T JwLyg X .
R + joL; — j/(wC))
Vs
[Zraliz =[Z7alr = —
I L=0
*kgk L /L,L
= jokpsy/LyLs 4 et (38)
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