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Abstract 

In this paper, we present the performance characteristics of 
an E-band (70-75 GHz) gallium nitride (GaN) high electron 
mobility transistor (HEMT) monolithic microwave integrated 
circuit (MMIC) based high power amplifier (HPA). The results 
presented include output power, Gain, power added efficiency 
(PAE), noise figure (NF), 3rd-order intermodulation distortion 
(IMD) products, RMS error vector magnitude (EVM), spectral 
efficiency, spectrum, and spectral regrowth for OQPSK, 8PSK, 
16APSK, 32APSK, 16QAM, 32QAM, 64QAM, and 128QAM 
waveforms. The intended application of the HPA is for multi-
gigabit satellite communications, lunar surface communica-
tions, and terrestrial backhaul networks. 

Introduction 
The demand for multi-gigabit satellite communication links 

and terrestrial fixed wireless links is ever increasing because of 
the emerging 5G/6G wireless communications. This need can 
be met by exploiting the available spectrum at E-band. The  
E-band spectrum ranging from 71-76 GHz and 81-86 GHz is 
designated by the FCC for satellite communication downlinks 
and uplinks, respectively, as well as for high-capacity terrestrial 
fixed wireless backhaul networks, as illustrated in Figure 1. In 
the case of terrestrial links, the 71-76 GHz and 81-86 GHz 
ranges are known as the lower and upper E-band spectrum. The 
rational for selecting the E-band frequencies for the above links 
are spectrum availability, capability to support large channel 
bandwidths required for future terabit-per-second (Tbps) 
SATCOM, reusability of the spectrum made possible because 
of highly directive pencil beam antennas that lowers co-
frequency interference, small size and low mass of hardware, 
and lower spectrum licensing cost (Ref. 1).  

E-band terrestrial link experiments to characterize rain atten-
uation, depolarization, scintillation, and gaseous absorption effects 
of Earth’s atmosphere are reported in References 2 and 3. In 
addition, field testing of an E-band high speed, long range, multi-
channel wireless datalink is reported in Reference 4. The link made 
use of four 2 GHz wide channels with 64QAM modulation in each 
of the lower and upper E-band spectrum. Using a combination  
of frequency and polarization multiplexing, the link supported  
65 Gbps error free bidirectional user data rates over a 16 km dis-
tance. Thus, demonstrating optical fiber equivalent speed (Ref. 4).  

The design of an E-band beacon/transponder system payload on 
a geostationary Earth orbit (GEO) satellite for a propagation meas-
urement campaign to acquire relevant statistical data on the effect 
of Earth’s atmospheric on satellite communication downlink sig-
nals is reported in Reference 5. Furthermore, link budget analysis 
for LEO and GEO satellites is presented in Reference 6. Moreover, 
an initial link budget estimate for GEO satellites is provided in 
Reference 7. Lastly, in Reference 8, the launching of a 6U CubeSat 
into low Earth orbit (LEO) with an E-band transmitter as a payload 
is reported. The goal is to demonstrate a space-to-Earth E-band 
downlink. Depending on the modulation/coding technique, the 
transmitter is designed to support signals requiring 700 MHz to 
5 GHz bandwidth and data rates up to 10 Gbps. The on-orbit per-
formance of the payload transmitter is under evaluation (Ref. 8). 

To enable E-band multi-gigabit satellite communications in the 
future, new HPA technologies are required. HPAs with high output 
power, lower mass and size, excellent linearity, and capability to 
operate in the harsh environment of space are desired. High 
electron mobility transistor (HEMT) based monolithic microwave 
integrated circuit (MMIC) power amplifier chips fabricated on 
epitaxially grown gallium nitride on high resistivity silicon carbide 
(GaN-on-SiC) wafers, imparts several significant benefits over 
prior gallium arsenide (GaAs) and silicon (Si) technologies. These 
include higher operating voltage, higher output power density,  
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Figure 1.—E-band links. (a) Space-to-Earth links. (b) Terrestrial 

point-to-point links. The distance between the towers is d. 
 

higher channel operating temperatures, and radiation hardness 
(Refs. 9, 10, 11, and 12). Beyond terrestrial, LEO, and GEO 
applications, E-band systems owing to their compact size and low 
mass could also benefit NASA’s Artemis lunar missions. Future 
missions may require multichannel wireless data links to support a 
network of science instruments, habitats, landers, and terrain vehic-
les or rovers operating on the lunar surface. The development of E-
band GaN HEMT MMIC based HPAs for satellite downlinks and 
5G backhaul applications are reported in References 1, 13, and 14. 

This paper builds on our prior and ongoing efforts in GaN 
HEMT MMIC based HPAs. Recently, we demonstrated at Ka-
band a prototype of a dual band switched GaN HEMT based 
MMIC HPAs that operates either at 25-28 GHz or at 28-31 GHz 
frequency bands, depending on the requirement at any moment. 
The HPA is developed for user spacecraft terminals to support 
interoperability with multiple commercial SATCOM networks 
(Ref. 15). Additionally, we investigated the benefits offered by 
GaN HPA’s performance characteristics for user spacecraft cog-
nitive radio platforms that can learn from the environment in 
which they are operating, and adaptively and dynamically change 
the operating parameters (Ref. 16). Furthermore, we demon-
strated a prototype GaN HPA that operates over the 23.15- 
23.55 GHz frequency band for future lunar proximity communi-
cation forward links, which are planned between assets located 
in the lunar orbit and lunar surface, cross-links between lunar 

relays, and links to science mission spacecraft (Ref. 17). More-
over, we demonstrated a protype HPA, based on a waveguide  
4-port magic-tee as a 2-way power combiner to combine the out-
put from two GaN MMIC power amplifier (PA) chips (Ref. 18). 
Still more, we presented the results of an experimental study 
conducted to compare the microwave performance of a prototype 
distributed HPA with the above dual band switched HPA for 
wideband applications (Ref. 19). Lastly, at E-band (76-81 GHz), 
we demonstrated a protype HPA for vehicular radar for lunar sur-
face mobility applications (Ref. 20). 

In this paper we extend our investigations to the characteri-
zation of an E-band HPA over the frequency range of 70-75 GHz 
for future multi-gigabit space-to-Earth satellite communication 
links, lunar surface communications, and terrestrial backhaul net-
works. The results presented here include the E-band HPA output 
power, Gain, power added efficiency (PAE), noise figure (NF), 
3rd-order intermodulation distortion (IMD) products, RMS error 
vector magnitude (EVM), spectral efficiency, spectrum, and 
spectral regrowth for OQPSK, 8PSK, 16APSK, 32APSK, 
16QAM, 32QAM, 64QAM, and 128QAM waveforms. The 
rational for performing the above measurements and their signifi-
cance to the design of satellite communication systems are dis-
cussed in our prior publications (Refs. 15 to 20). 

E-Band GaN HEMT MMIC Based HPA 
Architecture and Brief Set of 
Specifications  
HPA Architecture 

The HPA consists of three multi-stage MMIC chips that are 
cascaded and packaged to form a compact module. To couple sig-
nals in and out from the underside of the module, two WR-12 
waveguide 90° E-plane bends are used as the input and output 
ports. In addition, to conveniently interface the input/output ports 
with standard waveguide test and measurement equipment, it is 
preferred to have ports that are co-linear during characterization. 
Furthermore, for waste heat removal the module is attached to an 
aluminum heat sink. The heat sink is constructed in such a manner 
to accommodate the above waveguide bends. The overall 
packaged assembly is illustrated in Figure 2. 

Brief Set of Specifications 
• GaN HEMT MMICs: Northrop Grumman Space Park, 

GaN015 process 
• Module Saturated output power (Psat): 30 dBm (1 W) (CW) 
• Max input RF drive power: 4 to 5 dBm 
• Bandwidth: 70 to 75 GHz 
• PAE: 4 to 5 percent 
• Small signal gain: 29 to 31 dB 
• Power gain: 25 to 26 dB 
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• Module input/output return loss: <10.0 dB 
• Gain flatness over full bandwidth: < ±1 dB 
• Input/output ports: WR-12 waveguide  
• Max drain bias quiescent levels:  

○ Max Vd1 and Vd2 = 29 V 
○ Max Id1 = 620 mA 
○ Max Id2 = 180 mA 

• Nominal gate quiescent voltage: 
○ Vg1 = –3.5 V 
○ Vg2 = –3.5 V 

• Nominal gate quiescent current: 
○ Ig1 = 23 µA 
○ Ig2 = 500 nA 

HPA E-Band Performance Validation 
The test set up for measuring the Pout, Gain, and PAE of the  

E-band GaN HEMT MMIC based HPA is shown in Figure 3. 
The set up consists of Rohde & Schwarz (R&S) SMW200A 
Vector Signal Generator (VSG), R&S FSW Signal and 
Spectrum Analyzer (SAA), R&S FE110ST and FE110SR 
Frontend (Tx & Rx) Extensions (70-110 GHz), R&S NXR 
Power Meter, R&S NRP 90S 3-Path Diode Power Sensor, 
Keysight N6705C DC Power Analyzer, Hughes 45726H-1000 

Precision Direct Reading Rotary Vane Attenuator, and Eravant 
20 dB Directional Coupler. 

 

Output Power, Gain, and Power Added Efficiency 
The measured Pout, Gain, and PAE as a function of the unmod-

ulated input drive power Pin to the HPA at 70, 72.5, and 75 GHz 
are presented in Figure 4 to Figure 6, respectively. At the center 
frequency of 72.5 GHz and when Pin is equal to –0.9 dBm, the 
output power compresses by 1 dB. The operating drain voltages 
(Vd) and gate voltages (Vg) are indicated in the figure caption. The 
measured unmodulated saturated output power (Psat) and the peak 
PAE as a function of the frequency are presented in Figure 7. 

Noise Figure 
The test set up for measuring the NF and the measured results 

are presented in Figure 8 and Figure 9, respectively. The NF is 
less than 9.4 dB across the 70 to 75 GHz band. 

3rd-Order Intermodulation Products 
The test set up for measuring the 3rd-order IMD products and 

the measured IMD are presented in Figure 10 and Figure 11, 
respectively. The data indicates that the output 3rd-order 
intercept point (OIP3) at 72.5 GHz is on the order of 36 dBm. 

 

 
Figure 2.—Packaged E-band GaN HEMT MMIC based high power amplifier module 

mounted on a heat sink. Inset shows two waveguide 90° E-plane bends attached 
to opposite side of package and serves as input/output ports for testing. Vds1 = 
Vds2 = 28 V, Vgs1 = Vgs2 = –3.5 V, Ids1 = 500 mA (max.), and Ids2 = 200 mA (max.). 
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Figure 3.—E-band test set up for measuring the Pout, gain, and PAE.  

 
 

 
Figure 4.—Measured Pout vs. Pin for E-band GaN MMIC HPA. 

Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 = –3.5 V, Ids1 = 500 mA 
(max.), and Ids2 = 200 mA (max.). 

 
Figure 5.—Measured gain vs. Pin for E-band GaN MMIC HPA. 

Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 = –3.5 V, Ids1 = 500 mA (max.), 
and Ids2 = 200 mA (max.). 
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Figure 6.—Measured PAE vs. Pin for E-band GaN MMIC HPA. 

Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 = –3.5 V, Ids1 = 500 mA (max.), 
and Ids2 = 200 mA (max.). 

 
 

 

 
Figure 7.—Measured Psat and peak PAE vs. frequency for  

E-band GaN MMIC HPA. Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 =  
–3.5 V, Ids1 = 500 mA (max.), and Ids2 = 200 mA (max.). 
   

 
Figure 8.—E-band test set up for measuring the NF. 
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Figure 9.—Measured NF vs. frequency of E-band GaN 

MMIC HPA. Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 = –3.5 V,  
Ids1 = 500 mA (max.), and Ids2 = 200 mA (max.). 

 
 

 
Figure 10.—E-band test set up for measuring the 3rd-order intermodulation distortion, RMS EVM, and spectrum. 
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Figure 11.—Measured output power per tone (Pout/tone) and 

3rd-order intermodulation distortion vs. input power per tone 
(Pin/tone) for E-band GaN MMIC HPA. Carrier frequency is 
72.5 GHz, tone frequencies are 72.5 GHz±2.5 MHz, and 
tone spacing is 5 MHz. Vds1 = Vds2 = 28 V, Vgs1 = Vgs2 =  
–3.5 V, Ids1 = 500 mA (max.), and Ids2 = 200 mA (max.). 

 

RMS Error Vector Magnitude (EVM), Spectral 
Efficiency, Spectrum, and Spectral Regrowth 

Offset QPSK and 8PSK Waveforms 

The waveform constellations for OQPSK and 8PSK 
generated by the VSG are shown in Figure 12. The measured 
RMS EVM as a function of Pin with modulation, as observed  
on the SSA at 72.5 GHz, is presented in Figure 13. Since 8PSK 
has all the constellation points on a circle of constant magnitude 
throughout the modulation process, the 8PSK waveform  
is less susceptible to non-linearities and hence has better  
EVM performance than OQPSK waveform. As the waveform 
switches from OQPSK to 8PSK, the spectral efficiency 
improves from 2 to 3 bits/s/Hz. The measured spectrum, when 
Pin is such that the RMS EVM is 5%, is shown in Figure 14. 
Additionally, for both waveforms the out-of-band spectral 
regrowth measured at 1-symbol rate (200 MHz) away from 
 

 
Figure 12.—The waveform constellations. (a) OQPSK. 

(b) 8PSK. 
 
f0 (that is at 72.7 GHz) are indicated by a red dash line in  
Figure 14. 

16APSK and 32APSK Waveforms 

The waveform constellations for 16APSK and 32APSK are 
shown in Figure 15 and the measured RMS EVM as a function 
of Pin at 72.5 GHz is presented in Figure 16. As the waveform 
switches from 16APSK to 32APSK, the spectral efficiency im-
proves from 4 to 5 bits/s/Hz. The measured spectrum, when Pin 
is such that the RMS EVM is 5%, is shown in Figure 17. Addi-
tionally, for both waveforms the out-of-band spectral regrowth 
measured at 1-symbol rate (200 MHz) away from f0 (that is at  
72.7 GHz) are indicated by a red dash line in Figure 17. 
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Figure 13.—Measured RMS error vector magnitude (EVM) vs. Pin at carrier 

frequency of 72.5 GHz. Symbol rate is 200 Msymbols per second and square root 
raised cosine (SRRC) filter is set to 0.35. 

 
 

 
Figure 14.—Measured spectrum of waveforms. Carrier 

frequency is 72.5 GHz, symbol rate is 200 Msymbols per 
second, SRRC filter is set to 0.35, EVM = 5%, bandwidth  
is 225 MHz. (a) OQPSK, Pin = –1.16 dBm. (b) 8PSK, Pin = 
1.95 dBm. 

 
 

 
Figure 15.—The waveform constellations. (a) 16APSK. 

(b) 32APSK. 
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Figure 16.—Measured RMS error vector magnitude (EVM) vs. Pin at carrier frequency 

of 72.5 GHz. Symbol rate is 200 Msymbols per second and square root raised cosine 
(SRRC) filter is set to 0.35. 

 

 
Figure 17.—Measured spectrum of the waveforms. Carrier 

frequency is 72.5 GHz, symbol rate is 200 Msymbols per 
second, SRRC filter is set to 0.35, EVM = 5%, bandwidth is 
225 MHz. (a) 16APSK, Pin = -1.66 dBm. (b) 32APSK, Pin = 
–3.81 dBm. 
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16QAM, 32QAM, 64QAM, and 128QAM Waveforms 

The waveform constellations for 16QAM, 32QAM, 64QAM, 
and 128QAM are shown in Figure 18 and the measured RMS 
EVM as a function of Pin at 72.5 GHz is presented in Figure 19. 
As the waveform switches from 16QAM through 128QAM, the 
spectral efficiency improves from 4 to 7 bits/s/Hz. The measured 
 

spectrum, when Pin is such that the RMS EVM is 5%, is shown 
in Figure 20. Additionally, for all four waveforms the out-of-
band spectral regrowth measured at 1-symbol rate (200 MHz) 
away from f0 (that is at 72.7 GHz) are indicated by a  
red dash line in Figure 20. The performance summary of  
the E-band GaN MMIC power amplifier is presented in 
Table I. 

 

 
Figure 18.—The waveform constellations. (a) 16QAM. (b) 32QAM. (c) 64QAM. (d)128QAM. 

 

 
Figure 19.—Measured RMS EVM vs. Pin at carrier frequency of 72.5 GHz. Symbol 

rate is 200 Msymbols per second and square root raised cosine (SRRC) filter is 
set to 0.35. 
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Figure 20.—Measured spectrum of waveforms. Carrier frequency is 72.5 GHz, symbol rate is 200 Msymbols per second, SRRC 

filter is set to 0.35, EVM = 5%, bandwidth is 225 MHz. (a) 16QAM, Pin = –3.79 dBm. (b) 32QAM, Pin = –3.38 dBm. (c) 64QAM, 
Pin = –4.65 dBm. (d) 128QAM, Pin = –4.29 dBm. 

 
 

TABLE I.—PERFORMANCE SUMMARY OF E-BAND GaN MMIC POWER AMPLIFIER 
Parameter Measured value 

Frequency, GHz 70 72.5 75 

Small signal gain, dB 29.0 29.8 30.0 

Saturated output power, Psat, dBm 29.0 29.3 29.1 

Peak Power Added Efficiency (PAE), % 4.6 4.6 4.6 

Gain at saturation or power gain, dB 24.1 26.1 25.7 

OIP3, dBm  -- 36 ---- 

Noise figure, dB 7.8 to 9.4 

Waveform OQPSK 8PSK 16APSK 32APSK 16QAM 32QAM 64QAM 128QAM 

RMS EVM at 72.5 GHz, % 5 5 5 5 5 5 5 5 

Corresponding out-of-band spectral 
regrowth at 72.5 GHz, dBc  

25.2 23.4 26.2 27.1 29.0 30.2 29.2 31.7 

 
Conclusions 

A E-band (70-75 GHz) GaN HEMT MMIC based HPA is 
characterized by measuring the output power, gain, power added 
efficiency (PAE), noise figure (NF), 3rd-order intermodulation 
distortion (IMD) products, RMS error vector magnitude (EVM), 

spectral efficiency, spectrum, and spectral regrowth. No derating 
and no estimation of the HEMT junction temperature were perf-
ormed. The above prototype HPA development is at technology 
readiness level of 4. The intended application of the HPA is for 
multi-gigabit satellite communications, lunar surface communi-
cations, and terrestrial backhaul networks. 
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