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Abstract — An integrated orthogonal load-modulated
balanced amplifier (OLMBA) is designed and fabricated using
22 nm CMOS FDSOI. The input control signal in OLMBA
is reflected back to balanced power amplifier (PA) pair via
reactively terminated quadrature hybrid at the output in order
to achieve load modulation. The proposed PA operates at third
generation partnership project/new radio (3GPP/NR) 26/28 GHz
Frequency Range 2 (FR2), achieving 19.5 dBm output power,
16.6 dB gain, 15.7% power added efficiency (PAE) and 18.3 dBm
output 1-dB compression point (P1dB), measured at 26 GHz.
The PA shows excellent linearity performance with modulated
signals. Using -28 dBc adjacent channel leakage ratio (ACLR)
and -21.9 dB (8%) error vector magnitude as threshold values,
the proposed PA achieves 11.4 dBm and 4.9 dBm average output
power (Pavg) with 100 MHz and 400 MHz 64-QAM 3GPP/NR
FR2 signal, and 14 dBm Pavg with 0.6 Gb/s (120 MHz) single
carrier (SC) 64-QAM signal, measured at 26 GHz.

Keywords — power amplifier, stacked power amplifier, fully
depleted silicon-on-insulator (FDSOI), fifth generation (5G),
millimeter-wave (mmWave), active matching.

I. INTRODUCTION

Fifth generation (5G) high-throughput communications are
taking place in the millimeter-wave (mmWave) frequency
range, while sixth generation (6G) is envisioned to push
the frequency even further [1], [2], [3]. The link range on
these high frequencies is often extended with phased arrays,
which require small form factor front-end circuitry due to
the physically tight antenna spacing. When the number of
active antenna terminals increase, the less power a single PA
needs to contribute to the effective isotropic radiated power
(EIRP) and therefore compact, silicon-based PAs become a
feasible option [4], [5]. In contrast to the lower frequency PAs,
integrated 5G mmWave PAs cannot be easily linearized with
digital pre-distorter due to the wide modulation bandwidths
and large number of parallel PAs to be linearized [6]. As a
result, research has been ongoing for years to seek out suitable
PA-solutions for mmWave 5G [7] - [15].

A relatively new technique for active load tuning, called
load-modulated balanced amplifier (LMBA), has emerged
beside Doherty load modulation and integrated mmWave
implementations already exist [16], [17], [18]. The LMBA
has further evolved into another quadrature coupler based
load modulation technique, i.e. the orthogonal load-modulated
balanced amplifier [19]. In OLMBA, a control signal is injected
in the isolation terminal of the input quadrature coupler and
the output quadrature coupler isolation port is terminated with
a reactive load. The control signal is reflected back to balanced
PA pair outputs, resulting in load modulation. The load seen
by the balanced amplifier pair therefore depends on the control

signal phase and amplitude, as well as from the choice of the
reactive load.

The OLMBA is appealing in the sense that the control
signal can be weak, since it is amplified by the balanced
amplifier pair. As a downside, the control signal power
does not directly contribute to the output power as in
LMBA. Additionally, OLMBA is prone to asymmetric
load modulation. This paper presents, to the author’s best
knowledge, the first fully integrated mmWave OLMBA,
designed and fabricated using GLOBALFOUNDRIES 22 nm
FDSOI [20]. The following sections provide design overview
of a fixed phase prototype OLMBA, followed by extensive
measurements featuring high dynamic range 5G signals.

II. DESIGN OVERVIEW

The integrated OLMBA implementation (Fig. 1) comprises
of four PA blocks and three transformer-based 50 Ω quadrature
hybrids. The PA blocks are three-stacked pseudo-differential
structures matched to 50 Ω. The benefit in 50 Ω matched
block approach is simplicity, since all the building blocks in
the line-up can be designed and treated as separate entities.
Disadvantage to this approach is the increased amount of
intermediate matching, along with the losses and area cost
involved. Schematic of a PA block is shown in Fig. 1 (a). The
main signal driver (DR) and the PA pair forming the output
stage (BA1 and BA2) have total transistor width of 300 µm
each, divided into two 150 µm branches, while the control
amplifier (CA) has half of the width (total 150 µm). The control
amplifier has a source degeneration transistor allowing better
adjustment of its output power. The output quadrature hybrid
has its isolation port terminated with a large capacitor, which
is essentially a short circuit at the operating frequency. This
choice simplifies the analysis and makes the output voltage
mainly a function of the BA1 current profile. This way the
input control signal essentially translates into an adjustable
phase offset at the output, opening possibilities in the pursuit
of linearity.

As established in [19], the balanced amplifier pair output
currents depend on voltage scaling factor α, which represents
the ratio of the control signal to the main input signal. The
load impedances seen by BA1 and BA2 can be written as in
Fig 1 (b). DR and CA are fixed at quadrature phase offset due
to the coupler at the input, apart from some inevitable level of
phase distortion, and so α has complex value dependent on the
CA output level. Fig. 2 shows the simulated results of the load
modulation, where BA1 and BA2 are at the same bias. When
CA is turned on, the whole impedance trajectory is pulled
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Fig. 1. a) Schematic of the PA block (CA specific parts highlighted), b) block
diagram of the integrated OLMBA and c) micrograph of the fabricated PA.

Fig. 2. Simulated load modulation and output coupler loss vs. output power.
Arrow direction indicates increasing output power.

lower and as the control signal strengthens with increasing
power level, the impedance is reduced further.

III. MEASUREMENT RESULTS

A. Continuous Wave Measurements

Continuous wave (CW) power sweeps were conducted
using Keysight PNA-X network analyzer and Cascade Infinity
I40 probes. Input power was calibrated to the end of the input
cable and the remaining 0.5 dB loss from the probe was taken
into account when analyzing the results. The calibration was

Table 1. Measurement results using CW and modulated signals.

Frequency (GHz) 24 26 27 29
IdQ (mA) 63.3 55.1 54.7 89
Gain (dB) 15.9 16.6 15.4 15.9
Psat (dBm) 19.6 19.5 19.2 18.7
PAE/DEmax (%) 15.8/21.6 15.7/24.8 13.9/19 11.4/16.6
P1dB (dBm) 19.3 18.3 18.3 17.8
PAE/DE at 6 dB
BO from P1dB (%)

7/9.4 6.8/10.9 6.7/9.2 4.4/6.6

AM-PM at P1dB (°) 3.8 2.2 2.3 7.2
100 MHz 64-QAM 3GPP/NR FR2

Pavg (dBm) 12.1 11.4 11.2 11.5
EVM (dB) -23.8

(6.4 %)
-24.0
(6.3 %)

-24.3
(6.1 %)

-22.9
(7.2 %)

ACLR (dBc) -28.1 -28.9 -28 -28.1
PAE/DEavg (%) 5.7/7.8 5.6/9.3 5.6/7.7 4.3/6.7

Fig. 3. Measured and simulated S-parameters (bias the same as with 26 GHz
results in Table I).

normalized using external calibration substrate (Cascade P/N
101-190) and therefore the probe pads are included in the
measurements.

Measured and simulated S-parameters are presented in
Fig. 3 showing relatively good match. The simulations predict
slightly higher frequencies predominantly because the dummy
metal fills were not included in the EM models. The results
show 16.5 dB gain at center frequency 26 GHz with 3-dB
bandwidth spanning from 22.8 to 28.5 GHz. S11 and S22 both
remain below -10 dB throughout the operating range. S12 stays
below -45 dB and is omitted for clarity.

Bias voltages for the lowest gates (Vg1) were generated
with on-chip programmable variable current sources and swept
within moderate class AB for each measured frequency.
Upper gate biases (Vg2 and Vg3) were fixed and set with
separate off-chip voltage supplies so that none of the transistors
would exceed the maximum Vds of 900 mV. With focus
on the linearity demands of a 5G waveform, the emphasis
was on achieving high output 1-dB compression point (P1dB)
with minimal amplitude to phase modulation (AM-PM) [23],
[24]. Measurement results at different frequencies with their
respective bias settings (total drain current IdQ) are listed
in Table 1. Fig. 4 shows an example how the load can



Table 2. Comparison to the State-of-the-Art.

This work [21] [17] [18] [22]
Technology 22 nm FDSOI 22 nm FDSOI 65 nm CMOS 28 nm CMOS 45 nm RFSOI
Architecture OLMBA Doherty LMBA LMBA Doherty
Frequency (GHz) 26 28 33 36 32.5
Supply (V) 2.7 2.4 1.1 1 2 & 1
Gain (dB) 16.6 26.1 10 18 -
Psat (dBm) 19.5 22.5 20 22.6 22
PAEmax (%) 15.7 28.5 23.3 32 40.5
P1dB (dBm) 18.3 21.1 - 19.6 21.5
Modulation scheme OFDM 64-QAM SC 64-QAM SC 64-QAM SC 64-QAM SC 64-QAM OFDM 64-QAM
Bandwidth (MHz) 100 4x100 120 - - - - 200
Data rate (Gb/s 0.492 1.97 0.6 2.4 0.6 6 12 -
Pavg (dBm) 11.4 4.9 14 10.9 11.8 10.6 16 9.5
EVM (dB) -24 -24.7 -26.6 -25.1 -25.1 -27 -25 -25.4
ACLR (dBc) -28.9 -28 -28.8 -28 -28.2 -29 - -25.8
PAEavg / DEavg (%) 5.6 / 9.3 1.7 / 3.1 8.8 / 13.7 9.2 / - 11.6 / - - / 12.1 22 / - 15.5 / -
PAEavg
PAEmax

0.36 0.11 0.56 0.32 0.41 0.32 (DE) 0.69 0.38
Area (mm2) 0.484 0.2 1.47 1.44 0.62

be optimized both for output stage (BA1 and BA2) drain
efficiency (DE) and linearity. CA pushes the impedance down,
giving a penalty in gain, but resulting in better efficiency, gain
flatness and phase distortion. At 6 dB back-off from P1dB, the
efficiency is as good as with normalized class B and 2.3 times
better than class A, while all the PA blocks are operating in
class AB.

Fig. 4. CW power sweep results measured at 26 GHz.

B. Modulated Measurements

Modulated measurements were conducted with 100 and
400 MHz 64-QAM 3GPP/NR FR2 waveforms (10.9 dB peak
to average power ratio with 1e-3 peak probability), and a
0.6 Gb/s (120 MHz) single carrier (SC) 64-QAM signal
(0.35 roll-off factor). The waveforms were generated with
Keysight M8190A arbitrary waveform generator and fed to
Keysight E8257D programmable signal generator. The PA
output was measured with Keysight N9040B UXA. Error
vector magnitude (EVM) was analyzed with vector signal
analyzer software (Keysight 89600 VSA). Measurement setup
baseline EVM and ACLR were measured via on-chip thru to
be 2.3% (-32.8 dB) and -42 dBc, respectively.

Fig. 5. ACLR and EVM measurement results at 26 GHz.

ACLR and EVM values of -28 dB and 8% (-21.9 dB)
were used as threshold values for reporting the average output
power, as given in 3GPP/NR base station specification [1]. The
measurement results at 26 GHz are shown in Fig. 5. Lower side
ACLR was observed to be the more limiting sideband on every
tested frequency and therefore higher side ACLR is not shown.
Measured at 26 GHz center frequency with 100 and 400 MHz
64-QAM OFDM signals, the PA reaches 11.4 dBm and 4.9
dBm Pavg, respectively. Worth noting with the 400 MHz signal
is that the EVM limit was met with 3 dB more power, at 8
dBm Pavg. Results with 100 MHz signal are also summarized
in Table 1, where the PA shows steady performance throughout
the tested frequencies. With SC 64-QAM the PA achieves 14
dBm Pavg with good linearity.

C. Comparison to the State-of-the-Art

Measurement results at 26 GHz are compared to other
state-of-the-art advanced PA solutions in Table 2. With CW
results the proposed PA delivers comparable output power,
gain and output compression point. With modulated signals
the proposed PA compares extremely well among the the load



modulation architectures and succeeds in retaining a good
backed-off to maximum PAE ratio, especially considering that
SC 64-QAM can have 4-5 dB lower PAPR compared to the
OFDM 64-QAM used in this work [5], [22].

IV. CONCLUSION

This paper reported a fully integrated OLMBA, fabricated
with GLOBALFOUNDRIES 22 nm CMOS FDSOI and
operating on 3GPP/NR FR2 frequency range 24.25-29.5 GHz.
Measured at 26 GHz, the PA achieves Psat, gain, PAE
and P1dB of 19.5 dBm, 16.6 dB, 15.6% and 18.3 dBm,
respectively. With high dynamic range 100 and 400 MHz
64-QAM 3GPP/NR OFDM signals the PA outputs 11.4 and
4.9 dBm Pavg within the specifications, respectively. With 0.6
Gb/s SC 64-QAM the PA reaches 14 dBm Pavg. Compared
to other load modulated Ka-band PAs, the prototype delivers
similar or better performance with a new architecture, showing
that it is a promising candidate for 5G mmWave use.
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