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Nomenclature

e Frequency Hz
A Wave length M
Vd Drain voltage A%
Vg Gate voltage A%
1d Drain current A
Ildset Drain current at operation point A

Ig Gate current A
Pin Input power dBm
Pout Output power dBm
Gain Gain dB
PAFE Power Added Efficiency %
IM3 3rd order inter modulation dBc
Pi1dB 1 dB compression point dBm
P3dB 3 dB compression point dBm
S11 Reflection characteristics at port 1

S22 Reflection characteristics at port 2

S21 Transmission characteristics from port 1 to port 2 | -
S12 Transmittion characteristics from port 2 to port 1

Y11 Short-circuit admittance parameter (I11/V1) -
Y22 Short-circuit admittance parameter (I12/V2) -
Y21 Short-circuit admittance parameter (I12/V1) -
Yi2 Short-circuit admittance parameter (I11/V2) -
TID Total Ionizing Dose krad

x1




Abstract

One of the most indispensable impacts on onboard power consumption has been generally caused by a
transmitting power amplifier among the other spacecraft bus subsystems. Due to the large amount of power
consumption, it is inevitable that the size (or footprint) and weight of the transmitting power amplifiers
become large for heat release. Therefore, developing a highly-efficient onboard transmitting power amplifier
is one of the great issues for future various space missions. From these backgrounds, this research concerns
the world’s first space-use amplifier circuit using a gallium nitride (GaN) high-electron mobility transistor
(HEMT) for the realization of space-tolerant, small-sized, lightweight, and highly-efficient onboard
transmitting power amplifier.

Regarding onboard transmitting power amplifiers, travelling-wave tube amplifier (TWTA) and solid-state
power amplifier (SSPA) have been mainly used. In general, TWTA uses a vacuum tube called traveling-wave
tube and its component total efficiency is up to 35 to 55%. In contrast, SSPA usually uses a gallium arsenide
(GaAs) based field-effect transistor (FET) and its total efficiency is around 20 to 30%. Due to the
highly-efficient characteristics, TWTA has been mainly used as a high power amplifier dealing with more
than 20-W output power. However, with respect to mechanical environment tolerance, lifetime, occupied
area (footprint), and discharge risk, SSPA is superior to TWTA because TWTA uses a fragile sculpted-glass
tube and needs high voltage (kV) operation. Thus, highly-efficient SSPA has been strongly required and a
highly-efficient amplifier circuit is quite important to achieve this. In this research, GaN is selected as an
amplification device among the other semiconductor devices since it has the characteristics of high
breakdown voltage and high thermal conductivity in addition to wide band gap. As a result, in comparing
Johnson’s figure of merit, the suitability as high power and high frequency device, GaN is up to about 100
times higher than GaAs. In addition, GaN is expected to handle large RF power in small size with high
efficiency compared to GaAs since GaN’s current density in HEMT structure is larger than that of GaAs as
well as breakdown voltage and thermal conductivity of GaN is superior to those of GaAs. Here, researches
concern amplifier using GaN have been reported a lot. However, they mainly focus on the realization of high
power, high frequency and high efficiency. In other words, how to apply GaN to amplifier circuits for space

applications has never proposed. Therefore, this research focuses on the following to achieve this:

I: Device selection method of X-band GaN HEMT for space-use amplifier.

II: X-band, highly-efficient, highly-reliable and highly-accurate amplifier design/evaluation method that can
minimize the error between design and measurement in order to enhance the reliability for space applications
as well as achieve high efficiency.

III: Mounting method of GaN HEMT considering harsh space environment.

With respect to the device selection of X-band GaN HEMT for space-use amplifier, it requires completely
different attitude from the selection of S-band, terrestrial GaN HEMT. This is because that there are so many
highly-efficient, internally-matched and packaged GaN HEMTs in S-band, but no such devices in X-band. In

addition, realizing high power in parallel structure using low power devices and operating with active
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thermal control system can be done only for terrestrial applications since there are no strict restrictions
regarding size, weight and heat release environment. Considering these things, this research selects
externally-matched and bare-chip GaN HEMT that can deal with high power in single-end structure.
Moreover, GaN on silicon carbide (SiC) HEMT is selected so as to enhance the space applicability since SiC
has good material properties such as high thermal conductivity and wide band gap compared to silicon (Si).
To evaluate the validity of the device selection method, X-band GaN on SiC HEMT and S-band GaN on Si
HEMT are tested by thermal vacuum and radiation (total ionizing dose). There are no specific differences
between X-band GaN on SiC HEMT and S-band GaN on Si HEMT in thermal vacuum test whose
temperature range is from -20 to 60 degC. However, in total ionizing dose test using “’Co, S-band GaN on Si
HEMT is degraded up to 1.37 dB of output power and 21.7% of PAE after 320-krad exposure even though
X-band GaN on SiC HEMT is not affected at all. Therefore, it is confirmed that proposed device selection
method of X-band GaN HEMT is feasible for space-use amplifier.

Next, the realization of X-band, highly-efficient, highly-reliable and highly-accurate amplifier design and
evaluation method is one of the great issues for space applications. At the beginning, we conduct both small
signal and large signal design using the nonlinear device model that is constructed based on Angelov GaAs
FET nonlinear model and the model parameters are modified for GaN HEMT on the basis of measurement
RF and DC characteristics. In this case, although fabricated amplifier demonstrates superior
(highly-efficient) performance such as 10.1 dB of small signal gain, 42.6 dBm of maximum output power
and 47.3% of maximum PAE at 8.4 GHz, the errors between design and measurement are not enough small
to enhance the reliability for space applications. For instance, the error of small signal gain is 2.2 dB, peak
frequency is 129 MHz, the maximum power at 8.4 GHz is 0.3 dB and the maximum PAE at 8.4 GHz is 4.4%.
To reduce these errors, we propose to estimate the error of bonding wire between model and measurement by
modifying the length of bonding wire in measurement since the model behavior of bonding wire in circuit
simulator is uncertain although it has a profound effect on the peak frequency in measurement. Here, in
general, the errors due to the uncertainties of bonding wire are tried to reduce by adjusting the fabricated
circuit patterns, such as adding or cutting the copper substrate by trial and error since modifying the length of
bonding wire in measurement is quite difficult. However, this kind of method leads to a considerable change
in the fabricated circuit patterns. As a result, it becomes extremely-difficult to evaluate the differences
between design and measurement fairly as well as to achieve highly-reliable and highly-accurate design and
evaluation. By contrast, since proposed estimation can remove the uncertainties of bonding wire without any
adjustment of the fabricated circuit patterns, we can fairly estimate the differences between design and
measurement. Therefore, it is possible that the remaining errors due to the uncertainties such as parasitic
capacitance or parasitic inductance caused by mounting are estimated by adjusting parameters with respect to
drain, gate and source capacitances and inductances in the nonlinear model. Consequently, the error of small
signal gain becomes 0.5 dB, peak frequency becomes 18 MHz, the maximum power at 8.4 GHz becomes 0.2
dB and the maximum PAE at 84 GHz becomes 1.2%. As observed above, we achieve X-band,
highly-efficient, highly-reliable and highly-accurate amplifier design and evaluation method for space
applications by constructing a nonlinear model in order to conduct a certain level of highly-accurate design

and make it possible to adjust the model parameters, estimating the uncertainties in measurement without
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any adjustment of the fabricated circuit patterns and adjusting the parameters in the constructed nonlinear
model.

Finally, a mounting method considering harsh space environment is quite important since high-power and
continuous-wave (CW) operation without any active thermal control is required in space applications as well
as heat release characteristics is demanded to be free of the influence of space environment such as vibration,
shock acceleration and vacuum. To achieve this, this research proposes that GaN on SiC HEMT is directly
mounted on a convex—structure copper case with high thermal-conductivity solder paste (Sn-3.0Ag-0.5Cu).
In comparing with the existing mounting method such as through-hole structure or subcarrier structure by
thermal analysis, it is confirmed that proposed mounting method has the best thermal release characteristics
of all. In addition to the analytical approach, proposed mounting method is evaluated in high temperature,
thermal vacuum, vibration and shock acceleration tests. In the high temperature test using Peltier device in
the atmosphere, when the temperature of a base plate is 73.3 degC, that of the fabricated amplifier is 85.5
degC, as a result, the temperature difference in the atmosphere is 12.2 degC. After reaching the equilibrium
temperature, output power difference during 1-hour continuous operation stays no more than 0.1 dB. In
addition to the temperature test, it is confirmed that heat release characteristics is not affected by vacuum
condition since the temperature difference between the base plate and the fabricated amplifier results in 12.0
degC under both low temperature (-20 degC) and high temperature (+60 degC) vacuum conditions in a
thermal vacuum test. Moreover, output difference is also less than 0.1 dB after vibration and shock
acceleration tests. Therefore, it can be said that the validity of proposed mounting method for space
application is confirmed.

The output power and efficiency achieved in this research, such as the maximum output power of 42.6
dBm and the maximum PAE of 47.3% at 8.4 GHz, are comparable to other related GaN amplifier researches.
In addition, for the world’s first actual use in space of SSPA using GaN HEMT in PROCYON project, SSPA
engineering model (EM) using the GaN HEMT amplifier circuit achieved in this research is developed.
Developed SSPA EM achieves more than 15 W of output power with 33.8% of total efficiency. This
efficiency is the highest of all the existing X-band onboard SSPAs. To be more precise, it is about 8.0 to
13.4% higher than that of the other SSPAs. Additionally, radiation-hardiness SSPA is easily achievable due to
the excellent material properties of GaN. Thus, the freedom of onboard SSPA’s place increases. As a result, it
may be possible to set an SSPA just beneath a transmitting antenna where radiation condition is much severer
than the other place inside of a spacecraft. Consequently, feeder loss is expected to be mitigated and link
margin is supposed to increase. In addition, GaN is also expected to make SSPA small and lightweight
because it can deal with large amount of RF power in small size. Therefore, after the world’s first actual use
in space by PROCYON project, the SSPA is expected to be used in ultra-small deep space explorers
launched by Epsilon rockets or large satellite for space science or space exploration missions in the near
future. Moreover, it is also expected to apply the SSPA using GaN HEMT to a high power transmitting
amplifier for ground stations. From these results, the world’s first design, fabrication and evaluation method
of a space-use high power amplifier using GaN HEMT for space-tolerant, small-sized, lightweight and
highly-efficient SSPA comparable to TWTA is achieved.
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<@ Mission components
<@ Bus components (except for comm. compo.)
<® Comm. component (Transponder)

< Comm. component (HPA)

Fig. 1-1 Power consumption list of Venus climate orbiter (PLANET-C) by components when an observing

program is conducted.
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BRI T 7 Al L Ch 2 HZEERMNC X D iRE) - B0 H M, kV LLEOEEEBEICHED
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SSPANRDENTWNWDH EERD. T2 FTh_7= TWTA & SSPA O EHT - 1% Table 1-1 I2F
L Al
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RFin RFout

(a) TWTA (Traveling Wave Tube Amplifier)

RFin

RFout

(b) SSPA (Solid-State Power Amplifier)
* EPC: Electric Power Control
* CCS: Control Circuit Section
* TWT: Traveling Wave Tube
Fig. 1-2 Appearance and structure of onboard power amplifiers, (a) TWTA and (b) SSPA.

Table 1-1 Comparison between TWTA and SSPA by merit and demerit.

TWTA SSPA

® High efficiency ® Long life time
® Low voltage operation (~ 50 V)
Merit ® Mechanical hardiness
® Low discharging risk
® High reliability
Short life time ® Low efficiency
High voltage operation (1 kV~)
Demerit Mechanical Vulnerability

EMC problem
High discharging risk
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Disc) * DVD (Degital Versatile Disc) FIZfE SN TW5. ZZEF TP TY, (LEWIFE
BROMEE LTiE, LED, LD IZfREIND T A A2 HOTWD0, 58, BiikEs
EEETOEEET A 2R HEREEO S 7T A A E LTOREBILRL, UA R
R o 7HEREZHND Z L TEIFREK LT 7 o —F BB G TN D,

ARFFE T, /N B SRR SSPA O EHIZ AT T, &E NANRT—F R R L
LT, KD GaAs £V HEN, BYREE, N2 KXy o7, MESFICHENLD GaNIZEHT 5.
IO OENT- X, GaN 2%, GaAs L[REOV A X THRERBHEWZ DT L, BRI
WZENDZ L, BRRIECORZE LEEENRETH D Z LICEND. AT, GaN (X, HEMT
MG GaAs KV & “IRGCEFH A ZEEBIERNT Z LN TE, ERBENSENT L2 &
DO ESEREMEN ATREIC 72 5 Z & b #IfF S 214051 Fig, 1-5 12 GaAs & GaN &~ ORI D
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Smg!e element si, Ge
semiconductor
— 2elements — CdTe, ZnSe, CdS
1 I[ _VI |
3 elements HgCdTe, CdZnTe
—  2elements —— GaAs, GaP, InP, GaN
Cqmpomte m-v ——{ 3 elements }7 GaAlAs, InGaAs
semiconductor
—  4delements — GalnNAs, InGaAlP
—— N-IN ———— 2elements ——— SiC

Fig. 1-3 Categories of semiconductor devices by strucuture, constituent element’s group and the

number of elements.
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Table 1-2 Comparison of semiconductor devices of Si, GaAs, GaN and 4H-SiC by lattice constant,
band gap, relative permittivity, breakdown electric field, saturation electron velocity, thermal

conductivity, electron mobility and Johnson’s figure or merit.

Si GaAs GaN 4H-SiC
Lattice constant [A] 5.43 5.65 a=3.189, a=3.073,
c=5.185 ¢=10.053
Band gap [eV] 1.11 1.43 3.39 3.3
Relative permittivity 11.9 13.1 10.4 10.03
Breakdown electric field 0.3 0.4 3.3 3
[106 V/em]
Saturation electron velocity 1 2 2.5 2
[107cm/s]
Thermal expansion coefficient 2.4 6 5.59 4.2
[10°6/K]
Thermal conductivity [Wem/K] 1.3 0.55 2.1 3.7
Electron mobility [cm?/V - s] 1500 8500 1200 460
Johnson’s figure of merit 1 7 700 400
igh MMIC, HBT, HEMT
frequency
Electronic )
" device High | | High efficiency power device
power
Composite | Visible ) s .
| PR light — Display device, Backlight LCD
— LED Infrared — Remote control
light
Light :
" — || Ultraviolet ’
device light — White color LED
L Optical communication device,
CD-DVD

Fig. 1-4 Application examples of composite semiconductor devices with respect to both electronic and

light devices.
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GaAs

L N 24 mm
P1dB:42 dBm _ )

Vd:10 V
(Id> 4.8 A)

P1dB:42 dBm
Vd:24 V 5

GaN

(Id>1A4) y \12.9mm

Fig. 1-5 Comparison between X-band GaAs HEMT and GaN HEMT whose output powers are the

same by size, drain voltage and drain current.
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KX OWEREBIAT 5. A, 26 I VBRIND. T, $EOMELRS. H1
BT, AmXots, BB, BIOKRIXOMERIZOWNTET. # 2T, AR FHHES
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2—1 TWTA LEEDHEZIFD SSPA DEHIZAIF /-85

T Uz, EEEZROFNLIZ HW% PAE (Power Added Efficiency : & /If1%h%), n (K
LA VINR), oy (FUBE=F2 MRADHR) 12OVWT, TRENEBRZL FITRT. —RICF
RSN B R, T AR Z NG OWMEH7 RF 55 % 40 dB UL EOFIFS THIET 572
W, R2-1), @R T PAE L nDZEXZEAEA TRV, £72, EPC/ICCS HiDHEEINL, &
1 HEEZR D RF == K @(ﬁ%cﬁj} R Leh, B e /hanize, R@-)ITrRT =R
— 3 NORENEREEDDHT-DIZIE, RC-DNDE0NDE 51, RF 2=y hOoE#hFEL (K
HEEM) & —WERN»,D #k’ﬂ;’v?/\@wjﬁ)‘jjﬁ@ BN RRCE RS2 D

RF —RF
PAE =—ou ~——in (2_1)
RFunit
n= out (2-2)
&Funit
RE,, 2-3)
ntotal = P
total
P _ (PRFuml + PEPC/CCS ) (2-4)
total
Mpcipe
RF, , :RF output power
RF, : RF input power
P - Power consumption of RFunit
Poc)ccs - Power consumption of EPC/CCS

: Power consumption of PA component

total *

Mpespe - Efficiency of DC/DC convertor (from primary power source to secondary power source)

WIZ, ZNETICHEHEZEDOH D X HD TWTA & SSPA @ RF &S, A X, HEE, HE
w71, #% % Table 2-1 (2% L HU29 o R—3 > hORABFE L LT, TWTA X, 36~54%,
SSPA IE, 20~26%& 72> T Y, TWTA OZEREN ENZDORNL L4025, EPC/ICCS &
D—IRFEIRD S “IRFEIRA~DLERNFIL, 85~90%FRE L EZBNDEDT, % RF 2=y FOEH
JJEIERF D PAETE, TWTA T, 42.8~62.9% (7,0,,c=85%D & &), F721E, 40.4~59.4% (77,0nc
=90% D & X) L7210, SSPA T, 24.0~30.4% (77,0, =85%D & &), F721F, 22.7~28.7% (1ye pc
=90%D LX) LD, BUBMRAN Y 7 AT OERIT, BI v a i oTRRLIOT, —HIZ
TEZ 2RV, SEOEELIE, Ko SSPA & LT, TWTA & F&0OMEE L EH 4 511X
D &b RF 2=y D PAE X, 40%LL ETHLOIVNENHDH EE 25, ok, LD BWFHH
BIEEG A BT 5121, RF == FO@&@ZFR(RITIN A T, mh=s - i sk 2 DC/DC
T N=FOEBHIAIT L THAILRDEERD.
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Table 2-1 Comparison of existing X-band onboard PAs by specifications, such as PA type, output

power, size, weight, power consumption, PAE and total efficiency.

Spacecraft | Agency PA Output Size Weight Power PAE Total
Name type power [mm)] [kg] | consumption | (RF unit) | efficiency
[W] [W] [70] [70]
310*185*35 1.45
HAYABUSA | JAXA | SSPA 20 92.7 - 21.6
266*%176*27 1.03
PLANET-C | JAXA | SSPA 10 271*150*80 1.9 44.5 - 22.5
GOSAT,
JAXA | SSPA 20 313*147*142 | 2.05 98 - 20.4
ALOS-2
SPOT,
HELIOS, ESA SSPA 22 220*%140*84 1.5 90 - 24.4
SKYNET
SPOT-5 ESA SSPA 22 271*%160*70 1.5 91 - 24.2
MER NASA | SSPA 17 174%134*47 1.37 66 - 25.8
295*%66*60
PLANET-C JAXA | TWTA 20 2.3 55 - 36.4
228%95*113
DAWN NASA | TWTA 100 - 2.3 187 - 53.5
Deep Impact | NASA | TWTA 20 - 4.5 54 - 37.0
Venus 0.8
ESA | TWTA 65 - - 63 -
Express (TWT)

BB, THBREMMEICE T 2ERFHAEE LD, AFETIEL, EPC/CCS Hildxis s Ly
e, aryR—xr be UTHA B TEBRORENEE L 22 5 8RERER (RE) - &%) (T 5%
Kix, IR L2, BEZEIEH L THARITa VAR —r M e LTOFINEEIZR 525, BfFE
JEIC K DR Y A7 PR CORBREICB T 2HEERN & 5720, 25 SIXFE I HEE R
WCBLT, TOERFHIZEZD D, UEOBENG, FHCEELRDOIL, EHEEREHE LT
DM R & BMEIRERIF & 72 0, HB#Ra oA —x M RICER SN D EZ Z Z Tl A
3 %. Table 2-2 (2 Z iV E Tik <7z TWTA W DR &R >R IARD SSPA 2 45 - OIZE I
PERIEEIC RO BN DRETAEEZ L L0 5.
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Table 2-2 Target specifications of space-use amplifier for next generation SSPA comparable to TWTA
with respect to RF output power, linear Gain, PAE, radiation tolerance, operation temperature and

vacuum condition.

RF output power >20W

Linear Gain >40dB

PAE (RF unit) > 40%

Radiation tolerance (Total Ionizing Dose) > 20 krad

Operation temperature, Vacuum condition -20 to 60 degC, High vacuum condition

2—2 BEFREFIFREDILEN T - KFAE THRRINEFEL 7 T0—F

AT CTIE, ?ﬁﬂﬂqi'éﬂ{ﬁéﬁ@qu’b FHE 2R Ch D Xara x4 & LT, GaN HEMT
W) & 70 2 F R EDHRRIR O EHR 2 BT, 1ZUoI, SHF - XHIZET 2540
GaN # /o ﬁim¢mlﬁlﬂ5<0)ﬁ R E LCHIIE T %% % Fig. 2-1, Fig. 2-2 [ZE & DD
(210-2-38], SHFZ IV TIE, F#SOW Fik & W o 2B ER DRI Z WD Z & T, 25 80%LL k&
WO TR B TETEY, ZOHHLLHE kW 7 ZXAETELTWD., —F, XHIZON
Tl%, MMIC O E 0w F fhOEIEFREE & LT, 60%LL EDORh=RN, CW (Contlnuous Wave :
B BIECTHLROND L IICR->TEbDD, PW (Pulse Wave : »ULR3) @fEN %<,
R 50% LA EDORRRIT, D BRVIRIICHD. F, HOLVV BB W~ W 7 T ARE L
720, @mT) - BRICB L TS E T D L, EREMREMICH DL Z LN gD i, X
TICBWTIE, SHEV BEEN 1M RBEELS DT b, REOEWVEFRBEAIENEHEL 720
F #0i F A CONEN ER LN LR, T34 ZFERIVINUE L, RHEIREOBDEF R X
KB ETRENMEBHE LN LERZOHBE LTHETLND. AT, XHLUETIE, &E
JEBMERFIZ T o P22 OF ARFUEDR &< 720, FERAICHEN R E < 22 &l = 7 7 ZAORE
HRIRRIR T, T AARPEERBIZE-> TN &b —"E LT B, XHLLE
BV TIE COTS (Commercial Off-The-Shelf : BA:f) @ GaN 7 /314 A 4 S 4 & bhifs U C i
DIRNOBBRTH S.

Iz
i

—
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S-Band
1000 o,
. T *
2
g 100
g | |
& u
5
a
3 10 A
1

2.18GHz, class E (2007)
@ 2GHz, class F (2007)
B 2GHz, PW, MMIC (2010)
A 2.14GHz, class E, (2009)
X 2.5GHz (2010)
X% 2.15GHz, inverse class F (2010)
® 3.2GHz, class B, PW, n (2007)
+ 2.9-3.3GHgz, class B, PW, n (2007)
- 3GHz, class AB, PW (2008)
# 2.7GHz, PW (2011)
H 2.7GHz, PW (2012)
2.14GHz, Doherty, n (2012)
2.9-3.5GHz, PW (2012)
2.6GHz, Inverse class F, PW (2012)

0.0% 20.0% 40.0% 60.0% 80.0%  100.0% 3.3GHz, PW, MMIC (2012)

PAE or n [%]

2.15GHz, PW (2012)

Fig. 2-1 Research results of S-band amplifier using GaN by efficiency and output power in recent 5

years.

X-Band

100

10

»

Output Power [W]

1 *

0.0% 20.0% 40.0% 60.0% 80.0%  100.0%

PAE [%]

9.5GHz, CW, MMIC (2009)
¢ 9.8GHz, PW (2009)
H 8.24GHz, PW, MMIC (2008)
A 8.24GHz, PW, MMIC (2008)
X 8.24GHz, PW, MMIC (2008)
% 9.5GHz, CW (2006)
® 8.5GHz, CW (2009)
+ 8.1GHz, CW, (2009)
- 10.5GHz, PW, MMIC (2010)
9.4GHz, PW (2011)
# 9.5GHz, PW (2012)
¥ 9.5GHz, MMIC (2012)
X-band, PW, (2011)
10GHz, MMIC (2012)
8.5-11.5GHz, class E, CW, MMIC(2012)
8-12GHz, Inverse class F, CW (2013)
9.8GHz, Inverse class F, MMIC (2013)

Fig. 2-2 Research results of X-band amplifier using GaN by efficiency and output power in recent 5

years.

Z 2T, Fig. 2-1, Fig. 2-2 (TR 8 HIEEIE O R, AT —FEF 0 MMIC %7213 FET
(£721%, HEMT) ZMHWE g OER L7725, 2F v, MMIC E/jHERIEE T ORI
1% 20~30 dB f£f, FET (F721X HEMT) % /=% HEiEEIEE ik, FIFSE 10~15 dB FRE &
725 THY, SSPAORF 2= & LTEXL2LGEITITFENRRET D720, ZOFFICNT A
NR=T U TNRELIRD. LR ->T, Fig. 2-1, Fig. 2-2 OpRICESE, SSPADO RF 2=y |
EBEZDHEL, RIANRN=T 7O EEIRMb 5729, RF 2.=> k& L TOZET,

B ~10%FEER T T2 Z L1225,

CZETHRRTELZSH - XHD GaN Z AWM EDOTEDORENS, @t - &R T
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NRARZELT, GaN DIEFICENT-HFEZ > TV A Z 2R THMN5D. LnL, b0
ZexmE o, mERN L, @SR Vo BLETO RF HREOR EOZIZERBEINTED,
FHEHE WML S T RWe®), BEHAZZBE LT A AORE HITHA TRV, F
HiBEEIX, CWBIECORMNEREFEZIT I 7290, RO PW B{EL bl LC, WHEEIIL 10 6%
PLbizsme, BEREGHEMT 5. AT, FHEEEM & LTE, B2ERE TOEm O#EMEYR
WO BO R CTE T HAIEOREHA LA TEIIH U5 Z LN TERWIRI FTO CW ZEBIE
MmRDOND. Fiz, vl y MTH RITROIREILBEERF OB O ZEIT L - THMEVEENZ D
BIRNWZ ENEBEIRS. LER-T, i EHO PWEMEEZ L E LEERESLTEH HRZEE LT
W W HEEZFERICEAT 5 2 SIXTE R, S5, FHIEE T, eEEs 0 G
OO, BEMEOBALBETILENS D720, EiR LRI X 5 EOIITRET 22X 5
7, FLW FROEIERLEREEZOFETFHBEEHE~EHATAIZ EHE L. /2, 2oL
e DT NSA A HWTEAFRICEB W TIE, 73 Ata A — 7 — L4285 L TIFERM T, A —
TS E 2 5NTZT A ADFET VDWW TR ITOND Z ENZUV. L, T3 A
fAE A — D — S BAEOIZEERRBER THL Z LD, T ADOETIVAKIIT T v 7Ry 7 A
fb&h, BT AL AL DOEEZET NV ETCHMMAEST 52 LIXTET, ZOENEE & FFHE L 0%
ELTHN, BEMOEWVERERZRHOGTERY, FHA L LToORGBEILICBIT 2FE L 7
5. FICXW T, 7 ABH DX 2 ERFEEO DT DRI L D REFE~DEE G RE <,
D RWEREFHIIEFET A ZADRDFENZESS T VORBEIIA IR TH D, ®EIZ, FH7
BPIZIR & 22 WA IEBREE T GaN 7 /31 ADFHIIZ W T, FaXEBETFHEMOREEE TR
IRERBE PO RRERBE F COIRAD O HE SN D 2 L b b p szl Bl g C%hE LTV
HRRT — Z 1T —RICBIR SN D Z L3R N2 LT A T, TORDEENMTEEFIECE-TYH
REL R D720, FHMABIEEREE O RSB MIT T, 735 AREFIESCFEETIEEZEBE L
T ) e BREE MR A S LB A H L 2 D

SFVD, ZHETORREMIETIE, XHEFHHEHEREROFEBIIH L <, TOFEIITIL, K
L 3OOHENRHDH L EFZD.

O X H#HA GaN HEMT 7 /34 A D& E )7 O

@ FEHE L EREORREN DR BEMEOE, FHMAE L TOEEE - S e X #Eheey
W1 B& BR & AT A O e ST

@ FHRAOR LWREZBE L 72 FEEHEDOMESL

IS 3O0EICKT LT, AT, UTFTo ks 7 Fu—F52WbZ LT, FOMksX
5.

O FEFELRNEERO N r—V R EHAFE L, A ZOHFIN N &0 HAFIK ik
WHBEE 720, BE e YRR ) O BV E R G OYMEMEIZBI T 2 HF0 b 72wy, S HfH B &
TR0, XHEEA & LT HEEREA LT 2B VIERR 2 ZE T 572012, SMTEaT
DARTF v TOHRT, BEMRER, UA RV Ry v 7 Lo\ MIEEZ R SiC &
W% fviz GaN HEMT #@&E L, N E(LO7=0, HETTRENEZHR D Z LN alRERT
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NAAEBRATS. BETDHT 3, ZREFEOFME LT, SHM EADT A A &t
R, BUTZERBRAE L C, FHREMEMO L 21T, TOEMEERT. 3%, 55
(ZEEA A R T)

@ /IMEEFTOBEREEERFHIMZ T, BE LT A AOEREIZE SO TR L IERIEE T
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YDOETNEERST WA AFBEROFERE, TWEA LV F I XV AEORMEBRRICEL - TE
U5 5RHIME & REHEDOMEE, RTA—FHELETVOFEIZL > Th/MET 252 & T, fif
FEOEWERFAERT S, (33, 4 EITHEMEZRT)

@ WU U7 JE i O — AN @ EMRE R e v L —~— 2 b & T GaN HEMT % B8
FHES 52 LT, FHFAOREIOEER, HEEORECTHREVFFENZEL LW I L Z 12
T 5. BEFEOFEE LT, ®IRRRE COBEMRE, EZRE COBEMRR, iRKE) - fg
RERIC X D EHEEILOMERZITV, TORMMEEZ T, (4 &, 5 ECFEMERT)

b X5z, Aurgeix, R E 7225 GaN HEMT % f 751 1 #  HigEl g ok ah, (R
BLOGHI 2 320 L, ZHvE TombL, mEEL, SR s Vo 2 RERITZ > 72 GaN HEMT
Z AT IR RS O FE DR 2 FH 6 & 9 TN R E S RIT 280 L 720, £ ORI
H9D GaN HEMT % iz X i @mzh3 SSPA OF W EFE~E BN D, T 2 F TR LIEAZED
77 u—F% Fig. 2-3l2F L5,

Space application

>

Device selection
*Selection of X-band GaN HEMT for space-use amplifier
*Comparison with S-band terrestrial GaN HEMT
Fabrication considering space environment

*Mounting method for space application
*Evaluating Space applicability

Amplifier using
GaN HEMT

This research

The world’s first

4 Highly-efficient, highly-reliable, i

" - Highly-accurate design and evaluation €xperimental proof
pproach o i

Existing * Constructing nonlinear model o SSPI'.\ LSRG

e -Small signal and large signal design ~ HEMT in space

* Estimating uncertain factor in measurement
:Adjustment of parameters of nonlinear model

High efficiency, High frequency, High power

N

Fig. 2-3 Comparison between this research and the existing researches with respect to amplifier

using GaN HEMT by how to improve RF characteristics and how to achieve space applicability.
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(a) S-band, 200-W amplifier
Fig. 3-2

Combining
8 units

N\

Parallel structure

Cooling
equipment

(b) S-band, 1-kW amplifier
S-band amplifiers for earth station, (a) 200-W amplifier, (b) 1-kW amplifier.

Table 3-1 Comparison between S-band terrestrial application and X-band space application of GaN

HEMTs by type, matching, structure and substrate.

S-band terrestrial application

X-band space application

Type Package Bare chip
® Mounging: o (easy) ® DMounting: A (not easy)
® Size: A (large) ® Size: o (small)
® Heat release: o (good) ® Heat release: A(not good)
Matching | Internal matching External matching
® Amplifier size: o (small) ® Amplifier size: A (not small)
® Mounting: o (easy) ® Mounting: A (not easy)
® Design flexibility: A  (given | ® Design flexibility: o (good (narrow
characteristics (wide band, low Gain) band, high Gain)
Structure | Parallel (low power device) Single end (high power device)
® Size, efficiency: A (not small, not | ® Size, efficiency: o (small, high)
high) ® Redundancy, reliability: A
® Redundancy, reliability: o
Substrate | Si SiC

® Space applicability: A (low thermal
conductibity, narrow band gap)
® Cost: o (low)

® Space applicability: o (high thermal
conductibity, wide band gap)
® Cost: A (high)
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(a) Measurement circuits and measurement equipment

Semiconductor

Parameter g%%
Analyzer ~ e |
- DC Power
Supply (Vd)
Ve DUT vd
RFin Bias-T |> Bias-T RFout
Vector
Network

52 FE o Analyzer
T HOR Sle

(b) Block diagram
Fig. 3-3 Measurement system specifications of GaN HEMT’s RF and DC characteristics, (a)

measurement circuits and equipments and (b) block diagram.
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Fig. 3-4 (a) magnitude and (b) phase of S-parameters versus operation frequency under the condition
of Vd=28 V and Idset=0.5 A as measurement RF characteristics of GaN HEMT (TGF2023-05). S11
and S22 show the reflection characteristics at input and output ports. S2/ means the transmittion

characteristics from input port to output port.
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Fig. 3-5 Drain current (Id) versus drain voltage (Vd) when gate voltage (Vg) is swept from -4.0 V to
0.0 V as measurement DC characteristcs of GaN HEMT (TGF2023-05).
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Fig. 3-6 Equivalent circuit of Angelov nonlinear GaAs FET model.
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Table 3-2 Parameter description of Angelov nonlinear GaAs FET model.
Name Description
lds Drain-source current
Igs Gate-source current
Igd Gate-drain current
Vdsc Drain-source voltage
Veasc Gate-source voltage
Vgde Gate-drain voltage
Cds Drain-source capacitance
Cgs Gate-source capacitance
Ced Gate-drain capacitance
Cgdpe External gate-drain capacitance
Ri Gate-source resistance
Rgd Gate-drain resistance
Re Resistance for frequency dependent output conductance
Crf Capacitance for frequency dependent output conductance
Rein Resistance for frequency dependent input conductance
Crfin Capacitance for frequency dependent input conductance
Rd Drain resistance
Ld Drain inductance
Rg Gate resistance
Lg Gate inductance
Rs Source resistance
Ls Source inductance
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Fig. 3-7 (a) magnitude and (b) phase of S-parameters versus operation frequency with respect to the
GaN HEMT device (TGF2023-05) by comparing measurement data (solid line) and simulation data

based on the constructed nonlinear model (dotted line) under the condition of Vd=28 V and Idset=0.5

A.
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Fig. 3-8 (a) real part and (b) imaginary part of Y-parameters versus operation frequency with
respect to the GaN HEMT device (TGF2023-05) by comparing measurement data (solid line) and
simulation data based on the constructed nonlinear model (dotted line) under the condition of Vd=28 V
and Idset=0.5 A. Y11, Y22 and Y21 show the admittance parameters.
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Fig. 3-9 Drain current (Id) versus drain voltage (Vd) with respect to the GaN HEMT device
(TGF2023-05) by comparing measurement data (solid line) and simulation data based on the
constructed nonlinear model (dotted line) under the condition where gate voltage (Vg) is swept from
-4.0Vto0.0V.
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Fig. 3-10 Basic amplifier circuit structure constructed from RF input port, RF output port, input
matching circuit, output matching circuit, gate bias circuit, drain bias cirtuit, GaN HEMT and DC cut

capacitors.
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(b) Layout
Fig. 3-11 Specific circuit structure of (a) schematic and (b) layout with respect to designed X-band,
20-W, space-use amplifier using GaN HEMT (TGF2023-05). In (a) schematic, L, W and D mean length
[mm], width [mm] and degree of the angle [deg] about each microstrip line components. In (b) layout,

blue square shows capacitor, and green square shows resistance.
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Fig. 3-12 Magnitude of S-parameters versus operation frequency with respect to the designed
X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) under the condition of Vd=28 V
and Idset=0.5 A.
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Fig. 3-13 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the designed X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) under the

condition of operation frequency at 8.4 GHz.

54



1.00E+07 ~— — :
N —K !
1.00E+06 0|7 s
1.00E+05
1.00E+04 - P06
1.00E+03 I NJHoa
1.00E+02 [\ — i
L QY N 102
1.00E+01 N\ N
1.00E+00 0
0 2 4 6 8 10 12 14
Freq [GHZ]

Fig. 3-14 Stability factors (K and D factors) versus operation frequency with respect to the designed
X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05).
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Fig. 3-15 Current distribution with respect to the designed X-band, 20-W, space-use amplifier using
GaN HEMT (TGF2023-05) based on electromagnetic analysis under the condition of operation

frequency at 8.4 GHz. The color bar means current density per unit of line width [A/m].
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Fig. 4-1 Appearance of the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05). RF
in and RF out mean input and output port of RF signal. Vg and Vd show gate voltage supply and drain
voltage supply ports.
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Fig. 4-2 Detailed picture of the proposed space applicable mounting method of GaN HEMT device in
the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05).
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Solder paste (Au-20Sn)

Sub carrier

(CuMo) Clincher

(b) Mounting method using subcarrier

Bonding wire
GaN HEMT (Au, $25um)
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AR ura Substrate (AD1000)

< (Substrate thickness: 0.8mm)
(Copper thickness:35um)

Copper

Solder paste Cu case

(Sn-3.0Ag-0.5Cu)

(c) Proposed space applicable mounting method
Fig. 4-3 Comparison of mounting methods by cross-section view between mounting method using

through hole, subcarrier and proposed space applicable method.

Table 4-1 Comparison of thermal conductivity of (a) solder paste includeing Sn-3.0Ag-0.5Cu,
Au-20Sn, Sn-37Pb and Ag paste, and (b) base plate (case) including Cu, CuMo and Al.
(a) Solder paste

Sn-3.0Ag-0.5Cu Au-20Sn Sn-37Pb Ag paste

64 W/(m-K) 57 W/(m-K) 54 W/(m-K) 25 W/(m-K)
(b) Base plate (Case)

Cu CuMo Al

400 W/(m-K) 182~280 W/(m-K) 218 W/(m-K)
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GaN on SiC HEMT
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Case GaN on SiC HEMT
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(A1) N (t100um) o
£ (t:38um)
=
S AD1000
(t: 0.8mm)
Substrate
AD1000
( ) Case Through hole
(Al) ($60.2mm*15)

(a) Mouting method using through hole. Left side shows overall view and right side shows

cross-section view.

GaN on SiC HEMT

(1.442mm*0.824mm)
Case - GaN on SiC HEMT
Al .
( )\ (t100um) oo
£ (t:38um)
£
S Sub carrier
Sub carrier | 0.9 mm (CuMo)
(CuMo) (t: 0.71mm)
N
Case

(Al)

(b) Mounting method using subcarrier. Left side shows overall view and right side shows

cross-section view.
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GaN on SiC HEMT
(1.442mm*0.824mm)
Case

GaN on SiC HEMT

(t:100um) Sn-3.0Ag-0.5Cu
(t:38um)

20 mm

<0.9 mm

|O.71mm

Case
(Cu)

(c) Proposed space applicable mounting method. Left side shows overall view and right side
shows cross-section view.

Fig. 4-4 Comparison of mounting methods by thermal analysis between mounting method using
through hole, subcarrier and proposed space applicable method under the assumption that GaN on
SiC HEMT is 20-W heat source.

Table 4-2 Density, thermal conductivity and heat capacity of the materials (Cu, CuMo, Al, Au-20Sn,
Sn-3.0Ag-0.5Cu, AD1000, GaN and SiC) used in thermal analysis

Density Thermal conductivity Heat capacity
[kg/ms3] [W/(K-m)] [kJ/(K-kg)]
Cu 8930 400 0.39
CuMo 9700 280 0.301
Al 2700 218 0.9
Au-20Sn 14510 57 0.15
Sn-3.0Ag-0.5Cu | 7400 64 0.234
AD1000 3200 0.81 0.7
GaN 6150 210 0.49
SiC 3200 370 0.69
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LEREDORTHD.
Vector
Network
Analyzer |
I: DUT
T
Vg vd
(a) Small signal measurement system
Spectrum
{| Analyzer
Signal
Generator DUT
—I>— ceL H 1so H I> - 1so H e H arT
Driver Amp. T 7
Vg vd
(b) Input-output characteristics measurement system
Signal Signal Source
Generator DUT Analyzer
[ oS ©
— —|>— 1SO |> H 1so H atT &
Driver Amp. —
Vg vd
@ 10 MHz
Reference signal
Hydrogen
maser

(c) Phase noise characteristics measurement system

Fig. 4-5 Block diagram of measurement systems, (a) small signal characteristics, (b) input-output
characteristics and (c¢) phase noise characteristics. In each figure, DUT means device undere tested,
CPL means coupler, ISO means isolator and ATT means attenuator.
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Fig. 4-6 Magnitude of S-parameters versus operation frequency with respect to the X-band, 20-W,
space-use amplifier using GaN HEMT (TGF2023-05) by comparing measurement data (solid line) and
simulation (design) data (dotted line) under the condition of V'd=28 V and Idset=0.5 A.
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(a) Measurement results
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— Meas.
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Pin[dBm]

(b) Comparison of measurement data and simulation data at 8.4 GHz
Fig. 4-7 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05), (a) under the
condition of operation frequency at 8.4 GHz (solid line), 8.425 GHz (broken line) and 8.45 GHz (dotted
line), and (b) by comparing measurement data (solid line) and simulation (design) data (dotted line)

under the condition of operation frequency at 8.4 GHz.

Table 4-3 Comparison of Gain, PldB, P3dB, the maximum output power (Pmax), the maximum
power added efficiency (PAE Max) with respect to the X-band, 20-W, space-use amplifier using GaN
HEMT (TGF2023-05) between measurement data and simulation (design) data under the condition of
operation frequency at 8.4 GHz, 8.425 GHz and 8.45 GHz.

8.4 GHz 8.425 GHz 8.45 GHz
Meas. Sim. Meas. Sim. Meas. Sim.
Gain 10.8 dB 12.5dB 10.8 dB 12.6 dB 10.9dB 12.6 dB
P1dB 39.4 dBm 41.5 dBm 39.2 dBm 41.4 dBm 39.3 dBm 41.2 dBm
P3dB 42.3 dBm 42.3 dBm 42.1 dBm 42.1 dBm 42.0 dBm 41.9 dBm
Pmax 42.6 dBm 42.9 dBm 42.4 dBm 42.9 dBm 42.4 dBm 43.0 dBm
PAE Max 47.3% 51.7% 45.1% 48.6% 46.6% 46.7%
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Fig. 4-8 Measurement results of input power (Pin), output power (Pout), Gain, drain current (Id) and
power added efficiency (PAE) versus time with respect to the X-band, 20-W, space-use amplifier using
GaN HEMT (TGF2023-05) under the condition of operation frequency at 8.425 GHz and continuous

300-hour operation time.
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Fig. 4-9 Measurement result of phase noise versus offset frequency with respect to the X-band, 20-W,
space-use amplifier using GaN HEMT (TGF2023-05) by comparing the characteristics of signal source
(solid line) and output of the amplifier using GaN HEMT (dotted line).
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Fig. 4-10 Output power versus power added efficiency (PAE) with respect to research results of

X-band amplifier using GaN by comparing this work and recent research concerning CW operation.
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(b) Specific view
Fig. 4-11 Measurement drain current (Id) versus drain voltage (Vd) with respect to the GaN HEMT
device (TGF2023-05) (a) under the condition where Vd is swept from 0.0 V to 31.8 V and Vg is swept
from -4.0 V to 0.0 V as an overall view, (b) under the condition where Vd is swept from 25.0 V to 31.0 V
and Vg is swept from -3.8 V to -3.4 V as a specific view. In figure (b), black dot indicates the basic
operation point (Vd=28 V and Idset=0.5 A), and red dots show the operation points for evaluation.
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Fig. 4-12 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) by comparing
Vg=-3.4 V (solid line), V'g=-3.6 V (broken line) and Vg=-3.8 V (dotted line) under the condition of
operation frequency at 8.4 GHz and Vd=28 V.

Table 4-4 Comparison of the maximum output power (Pmax) and the maximum power added
efficiency (PAE Max) with respect to the X-band, 20-W, space-use amplifier using GaN HEMT
(TGF2023-05) between Vg=-34 V, Vg=-3.6 V and Vg=-3.8 V under the condition of operation
frequency at 8.4 GHz and Vd=28 V.

8.4 GHz, Vd=28V
Ve=-3.4V Ve=-3.6 V Ve=-3.8V
Pmax 42.1 dBm 42.2 dBm 42.2 dBm
PAFE Max 45.5% 46.5% 47.7%
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Fig. 4-13 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) by comparing
Vd=26 V (solid line), Vd=28 V (broken line) and Vd=30 V (dotted line) under the condition of operation
frequency at 8.4 GHz and Vg=-3.5 V.

Table 4-5 Comparison of the maximum output power (Pmax) and the maximum power added
efficiency (PAE Max) with respect to the X-band, 20-W, space-use amplifier using GaN HEMT
(TGF2023-05) between Vd=26 V, Vd=28 V and Vd=30 V under the condition of operation frequency at
8.4 GHz and Vg=-3.5 V.

8.4 GHz, Vg=-3.5V
Vd=26 V Vd=28 V Vd=30V
Pmax 41.8 dBm 42.2 dBm 42.7 dBm
PAFE Max 45.7% 45.8% 47.1%
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Fig. 4-14 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) under the condition
of operation frequency at 8.4 GHz (solid line), 8.425 GHz (broken line) and 8.45 GHz (dotted line) with
Vd=30V and Vg=-3.8 V.

Table 4-6 Comparison of the maximum output power (Pmax) and the maximum power added
efficiency (PAE Max) with respect to the X-band, 20-W, space-use amplifier using GaN HEMT
(TGF2023-05) between operation frequency at 8.4 GHz, 8.425 GHz and 8.45 GHz with Vd=30 V and
Vg=-3.8 V.

V=30V, Vg=3.8V
8.4 GHz 8.425 GHz 8.45 GHz
Pmax 42.6 dBm 42.3 dBm 42.2 dBm
PAFE Max 48.0% 45.7% 46.2%
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Fig. 4-15 Appearance of X-band 20 W-class SSPA including the amplifier using GaN HEMT
(TGF2023-05).
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Table 4-7 Comparison of RF output power, linear Gain and power added effieicncy (PAE) with
respect to the RF unit of X-band 20 W-class SSPA including the amplifier using GaN HEMT

(TGF2023-05) between target value and measurement data.

Target value Measurement data
RF output power >20W 15,1 W
Linear Gain > 40 dB 44 dB
PAE (RF unit) > 40% 41%

Table 4-8 Size, weight, output power, power consumption and efficiency of X-band 20 W-class SSPA
including the amplifier using GaN HEMT (TGF2023-05).

Size 150*%120*62 mm
Weight 1.47 kg
41.8 dBm
Output power
15,1 W
Power consumption 44.6 W (Supply voltage: +36 V)
Efficiency 33.8%

Table 4-9 Comparison of output power, power consumption and total efficiency between the existing
X-band onboard amplifiers and X-band 20 W-class SSPA including the amplifier using GaN HEMT

(TGF2023-05).

Spacecraft Name Type Output power | Power Total efficiency [%]
(W] consumption [W]

HAYABUSA GaAs SSPA 20 92.7 21.6
PLANET-C GaAs SSPA 10 44.5 22.5
GOSAT, ALOS-2 GaAs SSPA 20 98 20.4
SPOT, HELIOS, | GaAs SSPA 22 90 24.4
SKYNET
SPOT-5 GaAs SSPA 22 91 24.2
MER GaAs SSPA 17 66 25.8
PLANET-C TWTA 20 55 36.4
DAWN TWTA 100 187 53.5
Deep Impact TWTA 20 54 37.0
This work

GaN SSPA 15.1 44.6 33.8
(PROCYON)
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4—3 BIEHE - BREERFICFITE=TREINS X — S HTE - HRE T TILHE

ATENC R L7c & 912, ABFZETIL, /MES TOMIREIKEREHIINZ T, #E LT /31 2D RF -
DC FEDEREIZFSW T Angelov GaAs IERIZE T L& RX— RN T A —F T 25 Z & TH
F L7z GaN HEMT OIEMIEET MIZ L D RIE B TOMIBRIKERFH 1TV, ERll LU 217 -
7o VERIEIEKIE, 8.4 GHz IZH\W\ T, /MEFFIF 10.1 dB, K 42.6 dBm, itk PAE47.3%
EWVOENTREEZ R LT, IR T VICHK S ERGHE & i L5 E, MEBFIGOE—2
fET2.2dB, =7 8T 129 MHz OFRENE U, £, KIEFORMEIZHBWVWTY, 8.4 GHz
IZBWT, ikKHENTO0.3dB, ik Kk PAE T 4.4%DFRZENE L TE Y, EREIXZRFHE & 75 0E
LENERL TS HO0, FHHE L TOEEE - SiEERRFHIITE > T, RitE s E
HHEDREZED D 70 < EPEMED @V X 7 = 3R 1 FH HGE A 3R G R FE O eIz ) T, Fig.
4-16 12T & 912, FERL L 7= [RIE O FHMAE A EE S W TARIEE 72 /N7 A — X OHEE L IERIEET /L

DFEE FhET 5.

Small signal design

Large signal design based on
constructed nonlinear model

Fabrication/Evaluation

!

Estimating unknown factors
in measurement

Parameter adjustment of
nonlinear model

Fig. 4-16 Flow chart of proposed method with respect to the realization of high-accuracy design.

X LI, Fig. 4-17 \ZEBLFFAT T O JE B ERE DR R N2 7o /IME SRS S21 O bhfshs 2
RT. BRI ORERIL, MEBRIE S21 OB — 7 EICBEI LT, ERIEL Y b 1.4 dB K& 7efl
%%L’Cb‘éﬁi‘,lﬁl%yinl/‘—&G HiREtiE R L FEHME L O DFEF£ 2.2 dB & ik L7254,
FRNIVEEZ R L TWD. ZhUX, &EREREART CIE, SRR ERBE SN THRNT
LIZEDHDT, FEHEIZEBWNT, BB AZ—UDEORERDTNELTWDZ ERDnD.
L2cL, RIBERNS OB ORELZEB LI-BETH-o T, ENEICENDHEHE) D DA
R E— 7 OFTHUIFIEL, FEERFICBEN DI FHEERBERICERT LI D LEEXOND.
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Fig. 4-17 Magnitude of S21 versus operation frequency with respect to the X-band, 20-W, space-use
amplifier using GaN HEMT (TGF2023-05) by comparing measurement data (solid line), simulation
(design) data (broken line) and electromagnetic analysis data (dotted line) under the condition of
Vd=28 V and Idset=0.5 A.

ZIT, BRAONOAMREEFE LT, ®BAREKS I 2L —2IZB5R T4 7 U4%
ETINEREIET A YO, T AENOFEEREE (@EEER E HEMT OFRES) 282
TERBERGEA LV F 7 7 AZRRT DIEMEET VDK /RT A —Z ~DEBIT L HFAEEN
#2Fonsd. 22T, HAERK Y I 2L —XIZBWTT Iy IRy 7 2L TLEI R T o
YT UAYORGE L B ORRZEA2EEDOR T 4 VIV UVAYEEZET L2 L THEL, Mz
T, TS AFERICE U D HAERE, FEA U E T X A EOREEEFRIC L D FENE & % FHE
DIES EIFRET VN TIRHET S 2 L2 A 5.

*9, Fig. 4181273 LH1L, Y'—MIOoUAYEZE (7 7V > Y300 um), + (7
v R U2 M 400um), £ (7> 77U 2 b 500 um) & 2L S W 7-BEO/IME SRS &2 TS L,
AR R 2 L—F EORSREE L., @EERIR S R 2 L—XIZB T %OV A YR
ThHHr7y F 77U 1000 um 2B 53 I 2L —3 g 05 —4& LR R4 Fig. 4-19 IR
Fig. 4-19 6, HHERED 7 — MUDOR T 4 7 U A Y EOJEFEHFRHE~ OB IIEFITRE <,
#1200 um OUA YEDOENEL D E, FREHIL1 GHzEEY 7 NLTLEY Z 0 mn5d. &
72, ZORRIIFEFFZ, VA VYEORENR, FEOE—7EIIZN 2N EERLTEY, &
WA R 2 —F ETT Ty IRy 7 AMESNTLEIRFFICBIT DR T 4 v 7T A YOk
PE & SRR O R & OBIRAZEYNCEET S 2 LA TE R, Al E— 7 OEIT IS T
ZEMTEDLEERD. ARIOET AT, ®EEERKY I 2 L—ZIZBWTE, EREOVAL YR
D2 EOR I THRFEIT) 2 LT, RUBBERESFERSGONLEE2 5. Fig. 419 NOT A ¥
F:R& (Zy b7V MR S00 um) AEEREREZ RLTEBY, BRI I 2L —ZLDIRD
BODEREBMEZ TCUAVYEORTEEIT-> TS, 2B, —ANCIE, A% L7 X 5 A5
DA XYEEBEEDLZET, VIa2b—FTORST 4T ITAYETNDOZYEMEEZFTNT S5 2
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LIFHEL S, LRSI T, UA Y RICE D E— 7 BTk 5 Bk B
e LT, Mo~ 7 aA N v FREORIE S —AEEEZMZ D Z ENERSNTND,
ZOWE, B AK — L BB LT U 570, BakL 20 L OO IEY 2RI ST X,
RIEMEDE O EF~ L BT 5 2 & bl L L.

Wire: short Wire: Medium Wire: Long

Fig. 4-18 Comparison of mounting gate wire length of GaN HEMT (TGF2023-05) by short, medium

and long.
15
/"\\
X \
S p s A\
= s AR -
N 0 — = Sim. (Small signal design)
» = \\ .
e \\\ — Meas. (Wire: short)
=9 N |— Meas. (Wire: medium)
10 7 |=— Meas. (Wire: long)
6 7 8 9 10
Freq [GHz]

Fig. 4-19 Magnitude of S27 versus operation frequency with respect to the X-band, 20-W, space-use
amplifier using GaN HEMT (TGF2023-05) by comparing simulation (design) data (broken line),
measurement data with short wire (solid grean line), measurement data with medium wire (solid blue
line) and measurement data with long wire (solid red line) under the condition of Vd=28 V and
Idset=0.5 A.

W, TN, ARIERRICE U D HERE, GEA VX2 A EORHEEHZIZ LD EHE & &%
FHEDRZEIZSOWTHHMEIT 2. Angelov GaAs FEMRIEET VIS < GaN HEMT OIEREE T L
WZBWT, FLA -V —AX Y NV H R = -V —RAF Y /N H A, F—h-FLAFx
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INVBE AR, RVA VA UETREAR, = A E TR R, V=R H T H L ADNE % FEH
EIC RS & FHHE %217 > 7=, Table 4-10 IZRE D /8T A — & L HARRIEE O/ ME 5« KI5 O FZHME
\CEESERT A= FPEEE LN LB DONRT A= Dz Rd. Fiz, ReFFFOIEREETT L,
T A — 2 %@#ﬁ%%TW%ﬁ@¢ﬁﬁﬂ%k%@1@%@%mg4%uﬁﬁ‘Eg4%i

v, MEBFIGOY—27H, ©—7EMEILT, NTA—FFEEITO 2 LT, ERIfE L OFREIR
INEL 7o TNWD T ENahD. Fig. 4-21 ITERME L T A — X% %@#ﬁ%%v» ZBITD
IMER S /XT A—HZ DLLiE, Table 4-11 124 S /37 A—X OB — 7l & ©— 7 FHE, FEHE L O
Z=rF LHwd. Fig. 4-21, Table 4-11 123 L 52, S11, S21, S22 TOE—7fH, ©— 7 JH
WEIZBR LT, EHIE & OFRZEIL, RETRFOIFIEET L ORER LV &% OIERRIZET L DRk
%@ﬁﬂméw:kﬂAﬂé %Lm%ﬁﬂ%@t*71 B — 7 BRI L CiE, &REHREOE
FUTIE, 2.2dB, 129 MHz OFEZENAE L TV =23, 0.5dB, 18 MHz & % 0#dz% KigIZiE) ©
ETWD., — 5T, KIEETOIELZENIBELTYH, Fig. 4-22, Table 4-12 [ZF%FHEDOIERIEET
I, RT A= FEROIERIEET L, EREENZILO 8.4 GHz 281 5 A RHE, Filfs,
P1dB, P3dB, K, Kk PAE% R, H#&EITH. Fig. 422000, /T A —XfHEE{T-
TR T VD AN )R & EREITIEF ICR < —H L TK Y, Table4-12 "6 %, XeHRFOE
TV & ERIE & ORI TA U TWic i R 1 0E7 0.3 dB, fk PAE DFE7E 4.4%7%, 0.2dB, 1.2%
WCETHAD L TWD Z ENG0D.

UL, RF - DC FrtEDERMEIZESWTIFRIZET V2L, MELLLET L2 VTR
G L7 EEOFER I L ORI 21T 9 2 & T, FERfEOREL RN b0 L, D ET, E
HERFORHEEERIZ L > TRABEE 7 DRAEIZ OV T, IS I 2 L—% ECAREE L 7 55
ELTEZILGNDVAYREOFEAE L ORRZEZID rE, FERICE U DFEARESTEA X
B R EOREEERICL > THEL DAL, BREIZESWTHERE, NF A =X+ 52 LT,
FHAE L TOEGEHE - SERRGFHINE/MTEX 5 L 52 5. RO 72 IR R O G
P CIX, T AR A= — X VRSN D IEREET N ER DD, ETAVNT T v 7R
v 7 AMEEN, RITA—FREEZ R TERNI LMD, 20N T7 Fe—F 5252 EiTEL
W F e, RICETIVEMEL, NI A—ZRERERTE RN TH-TH, VA VETLOR
EINBAELDFERETA VTRICE D E— 7 JHEEORERFHED O OFT I LT, —MRICEE I
LEND~A 7 A MY FREORIEARZ — ~DEEREESNTLE D &, [/ Z — L ng
BFEINTLEY Z &0, FHEFEHE ORI O YL ZRFHITEEL <, T35 2T VORI R #E
THDH. AETIRET LT o —FIL-T, ZNOOMBEIIMRSh, BIEHE - miERRG
R TIEN L TE D L XD,
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Table 4-10 Comparison of parameters with respect to the constructed GaN HEMT (TGF2023-05)

nonlinear model between design-time value and adjusted value.

Parameter Design-time value Adjusted value
Cds Drain-source capacitance 1.452 pF 1.3 pF
Cgs Gate-source capacitance 0.5 pF 0.4 pF
Cgd Gate-drain capacitance 0.033 pF 0.043 pF
Cgdpe External 0.027 pF 0.026 pF
gate-drain capacitance
Ld Drain inductance 17 pH 1 pH
Lg Gate inductance 11 pH 9 pH
Ls Source inductance 7 pH 18 pH
14
-I 2 7 - \s\
10 5”%;\? ™\
E‘ 8 ‘/ o F ‘\‘ \\
U 0. AJ
| F— / o \ -
— 6 ‘/ R \
N / 77 \l
%) 4 g /{
2 Pt e
0 l":: el
_9 —— Meas.
7 1.5 8 8.5 9 | ==~ Sim. (Design-time)
Freq [GHz] |- Sim. (Adjusted)
Fig. 4-20 Magnitude of S21 versus operation frequency with respect to the X-band, 20-W, space-use

amplifier using GaN HEMT (TGF2023-05) by comparing measurement data (solid line), design-time
simulation data (broken line) and adjusted simulation data (dotted line) under the condition of Vd=28
V and Idser=0.5 A.
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Fig. 4-21 Magnitude of S-parameters versus operation frequency with respect to the X-band, 20-W,

space-use amplifier using GaN HEMT (TGF2023-05) by comparing measurement data (solid line) and
adjusted simulation data (dotted line) under the condition of Vd=28 V and Idset=0.5 A.

Table 4-11 Comparison of the minimum value of S11 (S1/ Min), the maximum value of $27 (521
Max), the minimum vlue of $22 ($22 Min) and the frequency of each data with respect to the X-band,
20-W, space-use amplifier using GaN HEMT (TGF2023-05) between measurement data, design-time

simulation data and adjusted simulation data under the condition of Vd=28 V and Idset=0.5 A.

S11 Min S21 Max S22 Min
Meas. -22.1 dB @8.64 GHz | 10.4 dB @8.56 GHz | -16.6 dB @8.84 GHz
Sim. Data -32.4 dB @8.44 GHz | 12.6 dB@8.43 GHz | -14.6 dB @7.83 GHz
(Desin-time) | Difference | 10.3 dB, 197 MHz 2.2 dB, 129 MHz 2.0 dB, 1013 MHz
Sim. Data -17.2 dB @8.59 GHz | 10.9 dB @8.58 GHz | -14.9 dB @8.53 GHz
(Adjusted) | Difference | 4.9 dB, 53 MHz 0.5 dB, 18 MHz 1.8 dB, 308 MHz
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Fig. 4-22 Output power (Pout), Gain and power added efficiency (PAE) versus input power (Pin) with
respect to the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) by comparing

measurement data (solid line), design-time simulation data (broken line) and adjusted simulation data

(dotted line) under the condition of operation frequency at 8.4 GHz.

Table 4-12 Comparison of Gain, P1dB, P3dB, the maximum output power (Pmax), the maximum

power added efficiency (PAE Max) with respect to the X-band, 20-W, space-use amplifier using GaN

HEMT (TGF2023-05) between measurement data, design-time simulation data and adjusted

simulation data under the condition of operation frequency at 8.4 GHz.

8.4 GHz
Meas. Sim. (Design-time) Sim. (Adjusted)
Gain 10.8 dB 12.5dB 9.9dB
P1dB 39.4 dBm 41.5 dBm 41.2 dBm
P3dB 42.3 dBm 42.3 dBm 42.3 dBm
Pmax 42.6 dBm 42.9 dBm 42.8 dBm
PAE Max 47.3% 51.7% 48.5%
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4—4 FEH

AREETIE, AT O L72EREHR RIS 2D S /ERES KONl A 920 L 72 X 4 0521 H 8 ) & a1 %
WCBL T, ZOfEREZR L. AMREARIANT T~ 7O GaN on SiC HEMT % 7= % /8 iE(A|
KB WT, R LBl O — A @mErE R ) L —~X—Z | (Sn-3.0Ag-0.5Cu)
Z MW T GaN HEMT A E#:FAET 2 2 & T, #E#M & LToO CW @& EMEI 6T 5 a7 iy
BEEA L, FHEAOEROMEE, BEZEORETHERHENEL L WREFIEZREL, BE
TR LB OFETIEICONT, BRIT 21T\, ZOMBEENMEND Z & 2R Li-. RitE &
FEUEORRZEN D72 < BFEMEOE W, FHA & U THEEE - @72 X & 2R e A 53 G R
FIEOMSLIZE LT, ERLZERICBWT, BE LICIEREE T M-S S REHE & F2RED
M, MEFFIFO Y — 7T 2.2dB, ©— 7 EE$T 129 MHz OFEENE L, KIEFRHEIC
BWTH, 84GHz IZBWT, FrKH/1T0.3dB, it K PAE T 4.4%DEENE U120, RHEE
FEROHE, T VORI MHAT. BERMIZIE, PRI I 2L —XIZBWTT Iy IRy
ZMEENTLEIR T 4 T U A YOKGHE L FREDORREEZREDOR T 4 L 7V VY EL
EHEFTHETHIEL, MR T, T/ AFERHIA UL FERR, WEA VX I X 0 A EDORHE
EEHRIC X D FHE & REFHEORRZENICE L CIEREET VN TR A =223 L. Zh
W2k oC, IMEBRISGDO Y — 2L, 0.5dB, v—7 E¥EE, 18 MHz, 8.4 GHz ® K{E =S4
DORKHIE, 0.2 dB, &K PAE I, 1.2%ESHBIZRBWT, FEHE & OBZEI/NSZ2fix R L
2. ZoOXIIT, Wk, A—H—REOETTATIIT T v IRy 7 Z{bENTLE DT 31 ZADJE
MIEET VA, RREICE SO THEET 2 2L TR A—FTEOABEZ R, FLERHCAET
B A E B 2 ERMEIZ SO CHEE, T2 28T, FHEME L THEEHE - S sd it it
FHEEEHA L. DEOX AT v 7 CEBE LT AEHBIERIEE O AN EE T, Rk
77 42.6 dBm, fx K PAE47.3%% 8.4 GHz B){ECEHL L, 300 e ke E{ECH AT 0.1 dB
IR A Z LN TE. MAT, (MAHMESFEOFHMEIZHB W TS, -50 dBe/Hz @1 Hz, -68 dBce/Hz
@10 Hz, -76 dBc/Hz @100 Hz, -82 dBc/Hz @1 kHz &\ 5 BN EH5IROE SHMEZ LIS E 5
Zehl, TEOBEBNIHIBFRETHL Z L& Lz, £, BIERICET 2REOEEIZ O
THRHMlL, RLA BE30V, 7— MEE-3.8VOLEMFIZ, K PAE48.0% 1555 Z &
iR LT, A% X #0 GaN HEMT % V72 B oE & e 32 &, PW BfEICBE 3 245
ROE R E % i L WO D IFTELSN T, AFEORE L Y b EH T - @R RIS ST
W, B, AFEORETH L2 FIHMHEEEEKAZ#EHA L, GaN HEMT % H\iz X #
SSPA DR ¥ DOFHEIEAZ BT PROCYON v =7 MIBWT, ##EiHE LTHRELE
SSPA @ EM OFEAMiAERIL, 2R —32 FORENER 33.8% L ENHIFFTE L D L7072, 2
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Fig. 5-1 Block diagram of measurement system in radiation test. DUT means device undere tested,

CPL means coupler, ISO means isolator and ATT means attenuator. The components in irradiation

chamber except for DUT are protected by lead blocks.

Table 5-1 Comparison of power added efficiency (PAE), output power (Pout), input power (Pin) and
Gain with respect to GaN HEMTs (F344, TGI7785-25L and NPT25015) between radition start time

and radiation finish time.

Radiation start Radiation finish

0:00:00 16:00:00
PAFE 37.8% 35.3%
Pout 40.4 dBm 40.0 dBm

F344
Pin 30.7 dBm 30.5 dBm
Gain 9.7 dB 9.5 dB
PAE 23.1% 21.6%
Pout 40.2 dBm 39.9 dBm
TGI7785-25L
Pin 30.7 dBm 30.5 dBm
Gain 9.5dB 9.4 dB
PAFE 65.5% 43.8%
Pout 43.3 dBm 41.9 dBm
NPT25015 -

Pin 30.1 dBm 30.1 dBm
Gain 13.2 dBm 11.8 dBm
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Table 5-2 Comparison of the degradation of output power (Pouf) and power added efficiency (PAE)
between GaN on SiC HEMTs (F344 and TGI7785-25L) and GaN on Si HEMT (NPT25015) at the time

of both after total ionizing dose (TID) test and after accelerated aging test.

GaN on SiC HEMT GaN on S1t HEMT
F344 TGI7785-25L NPT25015
Pout PAE Pout PAE Pout PAE
Radiation After TID -0.4 dB -2.5% -0.3dB -1.5% -1.37dB | -21.7%
After accelerated | -0.35 dB +0.7% -0.07 dB -4.1% -0.64 dB -5.1%
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Fig. 5-2 Input power (Pin), output power (Pout), Gain, power added efficiency (PAE) and drain
current (Id) with respect to F344 (X-band GaN on SiC HEMT) versus time and total ionizing dose
(TID) during TID exposure under the condition of operation frequency at 8.45 GHz with Vd=24 V and
Idser=1.0 A.
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Fig. 5-3 Input power (Pin), output power (Pout), Gain, power added efficiency (PAE) and drain
current (Id) with respect to TGI7785-25L (X-band GaN on SiC HEMT) versus #ime and total ionizing
dose (TID) during TID exposure under the condition of operation frequency at 8.45 GHz with Vd=24 V
and Idset=1.4 A.
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Fig. 5-4 Input power (Pin), output power (Pout), Gain, power added efficiency (PAE) and drain
current (Id) with respect to NPT25015 (S-band GaN on Si HEMT) versus time and total ionizing dose
(TID) during TID exposure under the condition of operation frequency at 2.25 GHz with Vd=28 V and
Idset=0.2 A.
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Fig. 5-5 Block diagram of measurement system in thermal vacuum test. DUT means device undere

tested, CPL means coupler, ISO means isolator and ATT means attenuator.

Table 5-3 Comparison of the differences of output power (Pouf) and power added efficiency (PAE)
between GaN on SiC HEMTs (F344 and TGI7785-25L) and GaN on Si HEMT (NPT25015) at the

conditions of both high and low temperature in thermal vacuum test.

GaN on SiC HEMT

GaN on Si HEMT

F344 TGI7785-25L NPT25015
Pout PAE Pout PAE Pout PAFE
Thermal High -0.6 dB -3.4% -0.5 dB -1.7% -0.4 dB -5.9%
vacuum Low +0.9 dB +6.5% +0.5 dB +2.0% +0.3 dB +5.2%
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Fig. 5-6 RF characteristics of F344 in thermal vacuum test, (a) output power (Pouf), Gain and power
added efficiency (PAE) versus input power (Pin) by comparing under the condition of 25 degC, 1.1E-3
Pa (solid line), 60 degC, 1.2E-3 Pa (broken line) and -20 degC, 5.0E-4 Pa (dotted line) with the
operation frequency at 8.45 GHz, Vd=24 V and Idset=1.0 A, (b) output power (Pout), Gain, power
added efficiency (PAE), chamber temperature and case temperature of both high and low temperature
conditions versus time during thermal vacuum test under the condition of operation frequency at 8.45
GHz.
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Fig. 5-7 REF characteristics of TGI7785-25L in thermal vacuum test, (a) output power (Pout), Gain
and power added efficiency (PAE) versus input power (Pin) by comparing under the condition of 25
degC, 7.9E-4 Pa (solid line), 60 degC, 1.1E-3 Pa (broken line) and -20 degC, 1.5E-3 Pa (dotted line)
with the operation frequency at 8.45 GHz, Vd=24 V and Idset=1.4 A, (b) output power (Pout), Gain,
power added efficiency (PAE), chamber temperature and case temperature of both high and low
temperature conditions versus time during thermal vacuum test under the condition of operation

frequency at 8.45 GHz.
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Fig. 5-8 REF characteristics of NPT25015 in thermal vacuum test, (a) output power (Pout), Gain and
power added efficiency (PAE) versus input power (Pin) by comparing under the condition of 25 degC,
1.7E-3 Pa (solid line), 60 degC, 1.3E-3 Pa (broken line) and -20 degC, 5.2E-4 Pa (dotted line) with the
operation frequency at 2.25 GHz, Vd=28 V and Idset=0.2 A, (b) output power (Pout), Gain, power
added efficiency (PAE), chamber temperature and case temperature of both high and low temperature
conditions versus time during thermal vacuum test under the condition of operation frequency at 2.25
GHz.
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Fig. 5-9 Block diagram of measurement system in temperature test. DUT means device undere tested,

CPL means coupler, ISO means isolator and ATT means attenuator.
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Fig. 5-10 Output power (Pout), Gain, power added efficiency (PAE), case temperature and base plate
temperature of the X-band, 20-W, space-use amplifier using GaN HEMT (TGF2023-05) versus time

during high temperature test under the condition of operation frequency at 8.45 GHz.
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Table 5-4 Conditions of space environmental test with respect to an X-band 20 W-class SSPA
including the amplifier using GaN HEMT (TGF2023-05), (a) radiation and thermal vacuum, (b)
vibration (sine wave), (¢) vibration (random wave) and (d) quasi-static acceleration.

(a) Radiation/Thermal vacuum

Radiation 10 krad (6°Co)

Thermal vacuum

-20 to 60 degC (4 cycles), < 1E-3 Pa

(b) Vibration (Sine wave)

Axis Fregency [Hz] Accelaration
5-20 49.05m/s’p  {5.0Go.p!
X 40-70 147.2m/s%p  {15.0Go.p)
70-100 49.05m/s%p  {5.0Gop)
5-20 49.05m/s%p  {5.0Gop)
Y 40-70 1472m/s%p  {15.0Go.p}
70-100 49.05m/s’p  15.0Go.p)
7 5-100 39.24m/s%p  {4.0Gop)

(c) Vibration (Random wave)

Axis Frequency [Hz] Acceleration density [G”Hz] Effective value [Grms]
20-150 +4.5dB/oct

X 150-500 0.2 12.3
500-2000 -6.5dB/oct
20-150 +4.5dB/oct

Y 150-500 0.2 12.3
500-2000 -6.5dB/oct
20-150 +7.9dB/oct
150-200 2.0

Z 200-350 -12.4dB/oct 18.1
350-500 0.1
500-2000 -5.0dB/oct

(d) Quasi-static acceleration

Axis Acceleration

X +15G

Y *15G

Z +15G
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Fig. 5-11 Shock acceleration versus frequency as a condition of space environmental test with respect
to X-band 20 W-class SSPA including the amplifier using GaN HEMT (TGF2023-05).
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Fig. 5-12 HPA case temperature, base plate temperature and vacuum of the X-band 20 W-class SSPA
including the amplifier using GaN HEMT (TGF2023-05) versus time during thermal vacuum test

under the condition of operation frequency at 8.45 GHz.
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Table 5-5 Comparison of output power, power consumption and total efficiency of an X-band 20
We-class SSPA including the amplifier using GaN HEMT (TGF2023-05) between after thermal vacuum
test, after vibration (sine) test, after vibration (random) test, after shock acceleration test and after

radiation test.

Output ) .
Power consumption [W] Total efficiency [%]
power [dBm]
After thermal vacuum 41.7 45.4 32.6
After vibration (Sine) 41.8 46.1 32.6
After vibration (random) 41.8 44.6 33.8
After shock acceleration 41.7 43.9 33.4
After radiation 41.8 46.1 32.5
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