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Abstract — A Ka-band dual input, three stack power amplifier
(PA) is designed and fabricated using 22 nm CMOS FDSOI. The
PA output matching is implemented with a transformer-based
combiner, which allows tuning the load with bias and input
drive settings. The PA shows maximum output power, gain, one
dB output power compression point (P1dB) and power added
efficiency (PAE) of 19.5 dBm, 11.5 dB, 14.1 dBm and 17%,
respectively, measured at 29.5GHz. Measured amplitude to phase
modulation (AM-PM) stays at very low level, below 0.7◦ up to
P1dB and below 2.6◦ up to P3dB. With a 100MHz 64-QAM OFDM
signal the PA achieves 8% error vector magnitude (EVM) and
−28 dBc adjacent channel leakage ratio (ACLR) at 6.3 dBm and
7.6 dBm output channel power, respectively.
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I. INTRODUCTION

Several millimeter wave (mmW) frequency bands have
been allocated for 5G/NR FR2 [1]. These FR2 bands at 26
GHz (n258), 28 GHz (n257 and 261), and 39 GHz (n260)
are aimed for high data rate applications due to the wide
available bandwidth. One option to extend coverage at these
frequencies is to increase the antenna gain by providing large
phased arrays, where numerous antenna elements are combined
in parallel. A challenge here is the decreasing distance between
antenna elements (usually λ/2 used where λ ≈ 1 cm at
30GHz), which means that the transmitter and thus the PA
needs to be relatively small [2], [3], [4]. In such large
phased arrays, the output power levels required at each antenna
decrease proportionally to the number of antennas. It is evident
that in such phased arrays each antenna is preceded by a
medium power amplifier (PA) preferably integrated in the
transceiver RFIC. This means that linearizing the individual
small power PA becomes challenging and even inefficient [5].

It should also be noted that in order to get the
desired throughput, modulation schemes up to 256-QAM
have been proposed for FR2 bands with bandwidths up to
3GHz. High-order modulations and orthogonal frequency
division multiplexing (OFDM) waveform set high linearity
requirements for the phased array transmitters in order to
achieve low EVM. On the other hand, the ACLR specifications
for 5G FR2 are relatively loose. As a result the phase linearity
i.e. AM-PM of a PA needs to be very small. Good phase
linearity also is favourable for beamforming performance [6].

In this paper we present an integrated mmW dual input
PA structure that can be reconfigured in terms of gate
bias, back-gate bias and input phase and amplitude. The
configuration provides optimized load impedance enabling

very small total AM-PM, making it very suitable integrated
PA structure for mmW 5G applications.

II. POWER AMPLIFIER DESIGN

Schematic of the proposed PA is depicted in Fig. 1.
The circuit consist of two power amplifiers with separate
inputs and a shared supply. The design is implemented using
GLOBALFOUNDRIES 22 nm FDSOI [4]. The SOI stacking
capability is utilized in the distributed PA core design. In this
case the three-stack allows raising the supply voltage from
nominal 0.8 V up to 2.8V. The PA cores are formed by current
combining four 75 µm power cells, so that total width of each
transistor is 300 µm.

Both inputs are band-pass matched for 3GPP/FR2 band
n257 [1]. The input matching is transformer-based. X1 and
X2 are 1:1 transformers where the secondary coil effective
inductance is tuned with C1 and C4, so that conjugate
matching is achieved by transforming the terminal impedance
downwards and tuning out the PA gate capacitance.
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Fig. 1. Circuit diagram of the proposed power amplifier.

In the PA core, signals are kept equally distributed and
in-phase with inter-stage matching capacitors. The optimum
capacitor dimensioning depends on overall target output
impedance and stack size, so that the impedance of the
capacitor increases when moving up in the stack [7]. Each



gate capacitor in one PA are formed by eight small capacitors
of which two are connected within one power cell. Both
PAs are otherwise symmetrical, but the auxiliary amplifier
has external back-gate biasing enabled. Outputs are combined
with a transformer-based network elaborated further in the
following section.

A. Output Power Combiner
Transformer is a straightforward option for combining

CMOS PAs with reduced need for additional impedance
transformation in the output node [8], [9]. Although
transformers at millimeter wave frequencies often exhibit
ambiguous coupling which hinders combiner design accuracy,
the unwanted transformer asymmetries can be mitigated with
phase and amplitude controllable dual input. Introducing
asymmetry in the combiner branches together with adjustable
input drive offers more range for tuning the load conditions
[10]. This is a welcome feature in phased array environment
where the PAs get subjected to load pulling.

In this work the output network is designed so that both
the main and auxiliary amplifier see their optimal impedance
determined by load pull simulations at maximum input drive.
As in series combined Doherty configuration, impedance
inverter is added to the auxiliary branch, making the output
voltage nonlinearity only dependent on main PA current
properties.

As for the nominal settings in this design, both transistors
are class AB biased, but the main PA is closer to class A and
the auxiliary PA closer to class B. Class C bias for auxiliary
amplifier would offer better P1dB and increased efficiency in
the back-off, but is a tradeoff in phase linearity and gain [11].
The PAs being within the same operating class, the output
combination causes only mild load modulation. Assuming that
neither of the combined devices are switched off, the loads
presented for the power amplifiers can be expressed as

Zmain = Zxmr + ZC7 + ZC7
Ia
Im

ejδ (1)

and
Zaux = ZL1 + ZC7 + ZC7

Im
Ia
e−jδ, (2)

where Im is the main amplifier fundamental current, Ia is the
auxiliary amplifier fundamental current, δ is the phase offset
between the amplifiers and Zxmr is the input impedance of the
transformer. ZC7 and ZL1 denote the impedance of capacitor
C7 and inductor L1 in the auxiliary amplifier output branch.

Magnitude of the load impedances can be adjusted with
the current ratio and the phase offset translates into a
controllable reactance. In the case of AM-PM mitigation, the
load implemented for the main PA is the most important factor
since the main amplifier current determines the output voltage.
Simulated combiner loss at 29.5GHz is 1.7 dB.

III. EXPERIMENTAL RESULTS

A. Single Tone Measurements
The measurement setup along with a photograph of the

fabricated PA is shown in Fig.2. The measurements were
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Fig. 2. Measurement setup and chip photograph of the fabricated PA.

conducted on-wafer using Keysight PNA-X network analyzer
and Cascade Infinity Dual and I40 probes. The network
analyzer was set to differential IQ mode and the source power
was calibrated to the end of the input cables. Reference plane
for the S-parameter calibration was also at the end of the
cables. Transmission loss caused by the probes and probe pads
were measured and deducted from the shown results.

Single tone power sweep results measured at 29.5GHz
are shown in Fig. 3. Input phase difference of the main and
auxiliary amplifier is set to −90◦. The network analyzer source
power is enough to drive the PA close to 5 dB compression,
reaching 19.5 dBm output power. With these settings the PA
exhibits gain, P1dB and PAE of 11.5 dB, 14.1 dBm and 17%,
respectively. AM-PM is very small, less than 0.7◦ up to
1 dB compression point and stays under 2.6◦ even at 3 dB
compression point.

Fig. 3 shows also the comparison of implementing the
bias point of the first stage of the stack with an alternative
back-gate setting. The nominal first stage bias setting for
main amplifier is Vg1m = 400mV and for auxiliary amplifier
Vg1a = 315mV and Vbg1 = 0V. The other tested front and
back-gate bias pair for auxiliary PA was Vg1a = 335mV
and Vbg1 = −250mV. Bias settings for the second and third
gates of the stack were kept at Vg2m = Vg2a = 1.35V,



Fig. 3. Single tone measurement results at 29.5 GHz.

Vg3m = Vg3a = 2.25V, Vbg2 = 900mV and Vbg3 = 1.8V
across all the measurements. The back-gate bias modifies
threshold voltage about 80mV per applied volt of back-bias,
so the alternative setting forms the same bias point in terms
of quiescent current. It can be seen that the alternative
back-gate setting had notable effect on AM-PM and change
in other metrics is negligible. Nominal settings favor linear
AM-PM behaviour before 1 dB compression and the bias
implementation with negative back-gate expands the phase
before 1 dB compression, ending up with smaller absolute
AM-PM values at the peak power.

Single tone measurement results across 3GPP/FR2 band
n257 are presented in Table 1. Recent 22 nm CMOS SOI
power amplifiers are compared in Table 2. It can be seen
that the results are comparable with the state-of-the-art. The
proposed PA provides highest output power and smallest
AM-PM.

Table 1. Summary of single tone measurement results.

Freq. 26.5 GHz 28 GHz 29.5 GHz
Bias Vg1m = 400 mV

Vg1a = 315 mV
Vbg1 = 0 V

Vg1m = 400 mV
Vg1a = 315 mV
Vbg1 = 0 V

Vg1m = 400 mV
Vg1a = 315 mV
Vbg1 = 0 V

δ [◦] -90 -112.5 -90
Input
power
ratio

Pmain = Paux + 1 dB Pmain = Paux Pmain = Paux

Psat
[dBm]

18.5 19 19.5

Gain
[dB]

13 12 11.5

P1dB
[dBm]

11.6 12.9 14.1

PAE
[%]

13.3 14.5 17

AM-PM
P1dB [◦]

<0.2 <0.7 <0.7

AM-PM
P3dB [◦]

<2.4 <0.8 <2.6

Table 2. 22 nm CMOS SOI power amplifier comparison.

This
work

[12] [13] [14]
(sim.)

[15] [16]

Freq.
[GHz]

29.5 27 33 24/28 28 28.5

Design Dual
input
power
combined
3-stack

Diff.
2-stage
cascode

Diff.
2-stage
CS /w
PMOS
neut.

Diff.
2-stage
2-stack

3-stack 3-stack

Psat
[dBm]

19.5 17.4 12.7 17.8/17.3 16.3 18.8

Gain
[dB]

11.5 34 16.9 26.5/22.1 11.1 9.9

P1dB
[dBm]

14.1 16.5 11.9 15.4/14 13.9 14.9

PAE
[%]

17 19.5 37.4 32/29.2 23 23.4

AM-PM
P1dB
[◦]

<0.7 N/A <1.3 <0.1/0.1 <3 <3

AM-PM
P3dB
[◦]

<2.6 N/A <1.3 N/A <5 <6

VDD
[V]

2.8 1.2 0.9 N/A 2.8 2.8

Active
area
[mm2]

0.125 0.129 0.215 0.1 0.07 0.11

B. Modulated Measurements

Measuring the dual-input PA with real modulated signal
is very challenging. The generated modulated signal needs
to be split and configurable phase shift needs to be provided
between the split signals. The proposed setup for modulated
measurements is presented in Fig. 4. A 100MHz wide
64-QAM 3GPP/NR OFDM with peak to average power ratio
(PAPR) of 10.9 dB at peak propability of 1 e−3 was used
as a test signal. The modulated waveform was generated
with Keysight arbitrary waveform generator (ARB) and fed
to Keysight signal generator via differential IQ. The signal
generator output was split with a Mini-Circuits ZFRSC-183-S+
power splitter and fed to HMC-C015 mixers at 4GHz
intermediate frequency (IF). A 32GHz, phase controllable
local oscillator (LO) signal for the mixers was generated
with Keysight PNA-X network analyzer. The mixer radio
frequency (RF) outputs were filtered with custom made
28GHz band pass filters (BPFs) before being fed to Ciao
Wireless CA2630-141 preamplifiers. Before connecting the
dual input PA for measurement, the two test branches were
individually measured in order to check the level of EVM and
ACLR before the PA, and to verify amplitude balance between
the branches. Phase of the test setup was verified by connecting
the PA input cables to an external power combiner and finding
the in-phase and anti-phase values by adjusting the LO phase.

The measured EVM and ACLR at 28GHz are shown in
Fig. 5. The bias and input settings were the same as in Table 1
for 28GHz. The lower side ACLR value was seen to be more
limiting than the upper side and therefore only the lower side
values are plotted. The baseline EVM and ACLR level before
the PA was measured to be 5% and −45 dBc, respectively.
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Fig. 4. Block diagram of the modulated signal measurement setup.
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Fig. 5. EVM and ACLR vs. output channel power measured at 28 GHz.

When 8% EVM and −28 dBc ACLR are used as a threshold,
the PA achieves 6.3 dBm and 7.6 dBm output channel power
at these points, respectively.

IV. CONCLUSIONS

In this paper we proposed a fully integrated
Ka-band dual input three stack PA implemented using
GLOBALFOUNDRIES 22 nm CMOS FDSOI. It was
demonstrated that the PA configuration can reach 19.5 dBm
output power with 11.5 dB gain and 17% PAE, measured at
29.5GHz. Simultaneously the measured AM-PM kept at low
level, under 0.7◦ below 1 dB compression. Utilizing back-gate
bias was tested as an option for AM-PM tuning. With a
100MHz 64-QAM OFDM signal the PA showed 8% EVM
at 6.3 dBm output channel power and −28 dBc at 7.6 dBm
output channel power.
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