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Target Specification

Intended application: phased array radar

e N

Frequency GHz 9to 11
SS Gain dB >12
Pgat W >6
dBm >37.7
PAE at P_, % > 40
IRL dB >9
ORL dB > 8
Drain Voltage Vv 25
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Design Approach

1. Device Level Simulations, (including load pull) to Identify:
« Unit Device Size
« Bias Point
* Fundamental and Harmonic Impedance Targets (Load / Source)
 Number of Stages
« Number of Devices in Output Stage

2. Schematic Design
« Matching Network Topology
« Bias Network Topology

3. Layout
* Preliminary Layout
« EM Simulation and Layout Optimization
- DRC
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Device Selection

Gmax of three, 8 e . m4

finger devices, freq=10.00GHz
biased at 100mA/mm ' gmax=16.925
from 25V. Each has a -
different finger width.

Red is for an 8x75um
device,

gmax (H)
N
o
i =N

Blue is for an 10
8x125um device,

freq, GHz

« Largest device provides most RF power but must have adequate available gain

« Performance trade-off compared (gain, power and impedances) for different
transistors

« The 8x150um device was selected - also desirable as the break points in the
Gmax plot indicate that it is unconditionally stable from 9GHz to 20GHz
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Device Bias Point Selection

Ids/mm (mA) | P,z (dBm)

25 100 36.44 52.47 11.44
25 75 36.56 53.01 11.06
25 50 36.67 53.45 10.67

Load and Source Pull analysis was carried out on the selected 8x150um device
at various current densities for Vds=25V. Key parameters such as power, gain
and power added efficiency (PAE) at 4dB compression were assessed.

Quiescent bias points of 75mA/mm and 37.5mA/mm were considered during
the design, corresponding to a transistor bias of 90mA and 45mA at 25V.
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Device Level Simulations

One Tone Load Pull Simulation with input
power sweep, output power and PAE
Ifougd at each fundamental or harmonic
oa

Load_Pull_instr_PSweep ZSweep1

Load Pull Instr ZSweep

X2
V_Bias1=-3.165V Z_imag_max=55 Push into instrument
V_Bias2=25V Z_imag_num_pts=25 1-Tone subcircuit to see or
RF_Freq=10 GHz Z_real_min=5 Source Loag o5 BB REWOG.
Pavs_dBm_Start1=0 Z_real_max=55 L (No DC) Bias1—— Blas2 (No DC) 3
Pavs_dBm_Stop1=20 Z_real_num_pts=25 L | ¢ (o] ) I~
Pavs_dBm_Step1=2.5 Z_Source_Fund=2.22+j*552 1
Pavs_dBm_Start2=21 Z_Source_2nd=1000+j*0 .
Pavs_dBm_Stop2=28 Z_Source_3rd=4.01+j"41.8 R
Pavs_dBm_Step2=0.25 " ‘FJ:*??NHFJO UMS GH25
Swept_Hamonic_Num=1
Z_Load_Baseband=50+{*0 . Wu=150 um Techinclude
Z_Load_Fund=10+j"0 N=8
Z_Load 2nd=1.41+]"107.2 o0 0L Ghyeed TechincludeGH25
Z_lLoad_3rd=0.29-*20.71 7 Loag “Fund is ignored. ; Sy Vd_sc-zs TechincludeGH25
Z_imag_min=5 If Swept_ Harmonic_Num=2, Tc-js .

Z_Load_2nd is ignored. 1 Th="yes

I Swepl__Harmonic_Num=3, —

Z_load_3rd is ignored.

=)
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Load Pull on Selected Device at 10GHz at
4dB Compression

Power and PAE contours are
shown at 10GHz at 4dB
compression.

The corresponding load harmonic
terminations are:-

1.41Q + j*107.2Q at 2" Harmonic
0.29Q —j*20.71Q at 39 Harmonic

The corresponding source impedances
are:-

PAE and Delivered Power Confours

)

—

mPdel_vs PAE Fho
Pdel_dBm_cortours_at_1_Pavs_Rho

PAE cortours at 1 Pawve Rho

e

Reference F0=50

H""-‘—u._,_\__\__r_,_,_,-o-""'"-i

. M?jmmum PAE E1a|>_<imu T F'c:in-'er
t elivered anc
2220 + J SSZQ at the fundamental Fler:relcs?gfu?ur cnnltnurr |E'?En|5. dBm:
1000Q + jOQ at 2" Harmonic o o8
60.000 26.500
4.01Q + j*41.80Q at 34 Harmonic 28 000 33000
54.000 35750
=)
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Load Pull on Selected Device at 10GHz at
4dB Compression

g 2 mEdel v PAL

Cind:]

[Pavs dBEm

Pdel _dBm

'EE IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

20 &0 7o

PAE [Pavs_dBm_ind

Above plot was used to select the fundamental load impedance that
would be the best compromise between output power and PAE at 4dB

compression

The selected fundamental load Z target was 11.25Q + j*21.67Q)

rram
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Device Level Simulations

One Tone Harmonic Load Phase Sweep;
output power and PAE found at each
fundamental or harmonic load

Hammonic_Load Phase_Sweep_Instrument

X6

V_Bias1=-3.165V
V_Bias2=25V

RF_Freq=10 GHz
Pavs_dBm=25
Rho_Phase_Degrees_Start=0
Rho_Phase_Degrees_Stop=355
Rho_Phase_Degrees_Step=5
Z0=50+j"0
Specify_Load_S=no
Swept_Hamonic_Num=2
Z_lLoad_Baseband=50+j*0
Z_Load_Fund=11.25+j*21.67

Z_Load_5th=0+j*0
Rho_Mag=0.99
Z_Source_Fund=2.22+j*5.52
Z_Source_2nd=1000+j*0
Z_Source_3rd=4.01+j*41.80

Load Phase Sweep Instrument

1-Tone
Source Load
(No DC) Bias1 Bias2 (No DC)

L 411-:.] Fl'ﬂ L_.]"_ |

GH25NHF 10
Z_Load_2nd=1.41+{*107.2 of £y b UMS GH25
Z_Load_3rd=0.29*20.71 Wu=150 um Techinclude
Z_Load_4th=0+j"0 G N=8
GD=27 TechincludeGH25
s§  Vdsc=25 TechincludeGH25
Tc=25
_1__: Th="yes"
""" Plextek RFI
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Device Level Simulations — Load
2"d Harmonic

The data inside the red polygon comesponds to the load

p m 1 selected by the m1 marker and will only change
if you move the markerto a different load.
=
3 * Power Delivered, dBm, and PAE, %
—_ ] £
- EIE% 56 - - 36.8
EﬁE'E I 36.7
= m - .
—2e =] L z
WEIE‘E _ 7 366 T
£ @ E, 52 ] glg
2 i 355 15
= Ios =
11} c L mi
= 50 e
o | -36.4 I
48
-36.3
Reference 20-@20 & Blue dot iz load reflection ] r
coefiicient at fundamental. 46 4262
] 500 100 1500 200 250 300 350 400
#® Black dotis input refiection
coefiicient with harm onic load Phase of Load Refection Coefiicient
selected by markerm 1.
PAE versus Power Deliverad
At load selected by marker m1:
BiasCurrent_at_m1 Zload_at_m1 Rho at_ ml
0.318 1.4D7 +j107.210 0.860 / 50.000
PAE _at_m1 =
55.741 o
o
Z In_at_m1 Gain_at_m1
1.631 -j5.901 11.265
Pdel_dBm_at_m1 _
42 I O, O O A I O
36 765 35,35 3530 3635 3540 35.45 3650 3555 3560 665 3670 .75 B0
Power deliersd, dBm
]
Fre=sy
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Device Level Simulations — Load

3rd Harmonic

T

The data inside the red polygon corresponds to the load
selected by the m 1 marker and will only change
ifyou move the marker to a difierent load.

-
@ -
3 . Power Delivered, dBm, and PAE, %
= . 56.0 35.80
BSE E
ZSF 55.54 ~36.75
Z2. 3 L0 g
feEt = 5503 S
s R Lsses B
2 F= 5455 =
= 1 & 3 35.50 ol
- 540 38
W K Tes 2
535 L35 50
R efe Z0= (] 7 -
eference Z0=-@Z & Blue dotis load refection 3
coefficient at fundamental. sS4 23845
0 S50 100 150 200 250 300 350 400
@ Black dotis input reflection
coefficient with ham enic load Phase of Load Reflection Coefiicient
selected by marker m1.
PAE versus Power Delivered
At load selected by marker m1: BB
BiasCurrent_at_m1 Zoad_at m1 Rho_at_m1 55_5_:
0318 0.294 -j20.710 0.580 /-135.000 7
550
PAE at m1 = ;
55050 A
= 4
Z In_at_m1 Gain_at_m1 54.0
1.534 - j5.845 11.248 | 257
Pdel_dBm_at m1 ]
EG.L_ LRI R TR UL IS I I
36.749 3545 3650 3635 A0 A5 3670 7S a0
Pow er delinered, dBm
]
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Device Level Simulations

Unit Device Size = 8x150um
Bias Point = 75/ 37.5 mA/mm at 25V

Fundamental and Harmonic Impedance Targets (Load / Source) @
10GHz

Fundamental Load Target = 11.25Q0 + j21.67Q)

2"d Harmonic Load Target Phase = 50°, avoid 170°

3'd Harmonic Load Target Phase = -135°, avoid 170°
Fundamental Source Target = 2.220 + |5.52Q

2"d Harmonic Source Target Phase = avoid 180° + 20°
3'd Harmonic Source Target Phase = avoid -160° + 20°

Number of Stages = 1

Number of Devices in Output Stage = 2

Total quiescent current = 180mA / 90mA

Expected performance:

Psat > 38dBm
PAE > 40%

]
FreyY
tend
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Power Amplifier Schematic

A single stage
design
consisting of 2,
devices.

=y
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Schematic Design — Load Impedance

m1
freq=10.00GHz
S(2,2)=0.665 / 130.673

m8
freq=20.00GHz
S(2,2)=0.840/47.833

impedance = 12.081 +j21.842| |impedance = 25426 +)107.769

m9
freq=30.00GHz

S5(2,2)=0.936 / -61.478

impedance = 6.312 - j83.727

\“\_\ f__,,//

freq (100.0MHz to 30.00GHz)

]
FreyY
tend
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Schematic Design — Source Impedance

m13 m11 m14
freq=10.00GHz freq=20.00GHz freq=30.00GHz

S(1,1)=0.849 /168.720 S(1,1)=0.971/135.827 S(1,1)=0.956/ 101.702
impedance = 4.133 + j4.904| |impedance = 0.871 +j20.284 impedance = 1.852 + j40.671

S(1,1)

freq (100.0MHz to 30.00GHz)

=
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Schematic Designh — Test Bench
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Schematic Design — Test Bench
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Schematic Design — Small Signal

m13
freq=100.0MHz

m4
freq=0 000GHz

m16 m12 _
_ _ dB(5(2,2))=-0.003
freq=9.000GHz freq=11.00GHz ’ dB(5(2.2Y)=-10.528
dB(S(2,1))=14.743 dB(S(2,1))=11.302 m18 Max (5(2.2))
13
7] 2]
18] o]
g mi6 1
15— 8.
= 1a] Z 8
o T =] 4
1 @ 10
'{E,’ 12] 12 '{9,’ 12
11—_ _14__
13—_ 1-3.__
9—_ .13__
T T T T T T T T
80 85 1) g5 100 W5 MO0 M5 120 1] 5 10 15 0 5 30
freq, GHz freq, GHz
m10
m3 freq=8.500GHz
freq=9.900GHz k=1.575
dB(S(1,1))=-9.120 Min
1
-4, ] 58—
{.__ 7__
= 2] m3 ]
= .10 = 5
é 12 a
14— a—|
16 2 10
18— 1
IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII
] 5 10 15 o x5 30 0 5 10 15 0 25 30
freq, GHz freq, GHz
]
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Schematic Design — Large Signal
at 4dB Compression

mb5

indep(m5)=9.000 m6

plot_vs(outpwr, HB2.HB.RFfreq)=37.986
hamindex=0

RFfreq=9.000
HB2.PAE1=42.468

39.0 50
fil35 35 i
38.5— ]
m> 4]
38.0—] . m6
L 375 ]
g %%-_ 40|
3 37.0- o T
- ]
36.5 .
35|
36.0 .
355 1T T T | 1T 1T | 1T T T | 1T 1T | 1T T T | T 1T 30_ T T | 1T 17T | T T T | 1T 17T | T T T | 1T 17T
85 9.0 95 10.0 105 11.0 15 8.5 9.0 9.5 100 105 1.0 115
HB2 HB RFfreq RFfreq
Quiescent Bias Point = 180mA at 25V
)

et
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HB.RFpwrOUT _dBm

Pout and PAE for +29dBm Drive

40— .. 55
39— i
] 50 -
S W]
1 E 45—
- o -
37—- I -
40—
36— -
35;-VTT]IIIT]T"IIIIIIIF'IVITT-v;-YTT]Il1T 35 v':\]IIIIITIII]IIII.ITTTIVYTTIIII“IIIIII
20 85 90 05 100 105 1o 15 120 80 85 0.0 a5 10.0 105 1.0 1ns 12.0
RFfreq RFfreq

Quiescent Bias Point = 180mA at 25V
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Power Amplifier Layout

Vgs

A
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EM Simulation Stack-Up
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EM Simulation OPMN

e
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EM Simulation IPMN

e
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Updated Schematic — Full EM
Simulation
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Power Amplifier Simulated Performance
Including Full EM — Small Signal

m25
freq=11.00GHz
dB(S(2,1))=11.890

m24
|freq=9.000GHz
dB(S(2,1))=15.081

oo 20 10
s m24 ADS |
15— m25 ]
B_
10—
T_
E‘_
"3 5—
4—
3_
2_
11—
I}IIII|IIII|IIII|IIII|I[I1IIIII
70 75 80 85 90 95 100 105 11.0 115 120 125 13. 0 5 10 15 20 28 30
freq, GHz freq, GHz

Quiescent Bias Point = 180mA at 25V
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e 40

HB.RFpwrOUT dBm

Pout and PAE for +29dBm Drive
Full EM Simulation

55
39 ]
= w__
38 W
& 4
. <]
37— T
] 40—
36—
qq rllllllllllllllll"lllll]"ll[ll"lllll 35 llllllllll'llllllll]jTrTlror IIIIITYTT
80 85 80 85 100 105 M0 M5 120 80 85 80 85 100 105 M0 M5 120
RFfreq RFfreq

Quiescent Bias Point = 180mA at 25V
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Power Amplifier Simulated Performance
Including Full EM — Small Signal

m24 m25
freq=9.000GHz freq=11.00GHz
dB(S(2,1))=14.287 dB(S(2,1))=11.172
. 20 . 10—
m24 ey
= m25 g
8—
10— .
7—
95 5_.—_
0 x 5 ]
5| 4]
10— S
21
15— 1
1
=0 I I I I | | | [ | 5 0— R o o I P P B 1 I e B e T [ B e R 1 e
70 75 80 85 90 95 100 105 1.0 1.5 120 125 13.0 a 5 10 15 20 25 30
freq, GHz freq, GHz

Quiescent Bias Point = 90mA at 25V
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HB.RFpwiOUT dBm

.

w
w
o PANN TN T T U U U I U N O N0 N O T T A A
o-l

Pout and PAE for +29dBm Drive

Full EM Simulation

45

HB.PAE1

40

L LI
8BS

90

Yl]l‘
95

lIII’I’TT-:n- T rrTT
100 105 1.0 115 120 80 85 a0

RFfreq

Quiescent Bias Point = 90mA at 25V
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Comparing effect of EM simulating IPMN and
OPMN together and separately

ADS 20
D -
15— S21

70 75 80 85 90 95 100 105 1.0 115 120 125 130
freq, GHz
Quiescent Bias Point = 180mA at 25V
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Photograph of the GaN PA MMIC

Die size: 1.5mm x 2mm (around 2,300 die per 4” diameter wafer)
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Power Amplifier Measured S-Parameters
40 devices

SoftPlot Measurement Presentation

a8 g19 s21 822
20—

Start: 7.0000 GHz Stop: 13.0000 GHz

Mkr| Trace X-Axis Value Notes
1 7| 821 9.0000 GHz 15.00 dB
2 | 821 11.0000 GHz 12.60 dB

Quiescent Bias Point = 180mA at 25V

@ Plextek RFI



Power Amplifier Measured Vs Modelled
S-Parameters

.

154

Measured

10 -
—oo in blue
=0 Modelled in
Noa 0 red
DD D
(0 0 0
TOD

70 75 80 85 90 95 100 105 1.0 M5 120 125 130
freq, GHz
Quiescent Bias Point = 180mA at 25V
=)
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POUT (dBm)

RFOW Measured Output Power

25us and 10% Duty Cycle, input powers: 5dBm, 19dBm,
29dBm,

10 11
Freq (GHz)

Quiescent Bias Point = 180mA at 25V

ﬁ:\\ Plextek RFI
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Power Amplifier Measured Vs Modelled
Pout for +29dBm input power

— |

» Measured In
. blue

: Modelled in
Z 2 red

E 8 ==Pout_measured
=]
=37 —B—Fout_rmoc felled

9 9.2 9.4 9.6 9.8 10 10.2 10.4 106 10.8 11
Frequency (GHz)

Quiescent Bias Point = 180mA at 25V
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PAE (%)

RFOW Measured PAE

25us and 10% Duty Cycle, input powers: 5dBm, 19dBm,
29dBm, 32dBm

4
2 s
10 11

9
Freq (GHz)

Quiescent Bias Point = 180mA at 25V

@ Plextek RFI



Power Amplifier Measured Vs Modelled
PAE for +29dBm input power

FEELEERECESESS

1. Fin=29dBm

Pae (%
P B A
SRR

—

9 9.2 9.4 9.6 0.8 10
Fraquency (GHz)

10.2

104

106

10.8

11

=—#=—PAE_measwed

—&—PAE_modelled

Quiescent Bias Point = 180mA at 25V

Measured in
blue
Modelled in
red
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Power Amplifier Measured S-Parameters

40 devices

SoftPlot Measurement Presentation

dB  s21

20

SN

Start; 7.0000 GHz

Stop: 13.0000 GHz

Mkr| Trace X-Axis Value Notes
1 V| S21 9.0000 GHz 14.00 dB
2| S21 11.0000 GHz 12.09dB

Quiescent Bias Point = 90mA at 25V
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Power Amplifier Measured Vs Modelled
S-Parameters

20

15—

Measured
10— 1
- in blue
=== 5o Modelled in
eE Ied

70 75 80 85 00 95 100 105 110 115 120 125 12.0
freq, GHz

Quiescent Bias Point = 90mA at 25V
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RFOW Measured Output Power

25us and 10% Duty Cycle, input powers: 5dBm, 19dBm,
29dBm,

9 10 1
Freq (GHz)

Quiescent Bias Point = 90mA at 25V
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Power Amplifier Measured Vs Modelled
Pout for +29dBm input power

::-_ — —= :.

. | Measured in
- | blue

§ | Modelled in
=2 | red

=37 | —s—Pout_modelled

9 0.2 9.4 9.6 9.8 10 102 10.4 106 108 11
Frequency (GHz)

Quiescent Bias Point = 90mA at 25V
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PAE (%)

RFOW Measured PAE

25us and 10% Duty Cycle, input powers: 5dBm, 19dBm, 29dBm,
32dBm

' 10 1

9
Freq (GHz)

Quiescent Bias Point = 90mA at 25V
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Power Amplifier Measured Vs Modelled
PAE for +29dBm input power

FREenEiRECSEREREL

), Pin=29dBm

Pae (%
e Y]
mo R

16

—

9 9.2 9.4 96 9.8 10
Frequency |GHz)

10.2

104

106

10.8

11

—#—PAE_measwred

== PAE_modelled

Quiescent Bias Point = 90mA at 25V

Measured in
blue
Modelled in
red
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RFOW Measured Power Transfer

10% Duty Cycle

Pout (dBm)

45

40

35

30

25

20

15

10

/
=
_.--/
=~
5 10 15 20 25 30 35
Pin (dBm)

=—-9GHz
—4—9.7GHz
=e=10.3GHz
== 1 1GHz

Quiescent Bias Point = 90mA at 25V
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RFOW Measured PAE vs RF Drive

10% Duty Cycle

PAE (%)

VN
7
7,

ry

—

p

0

5 10 15 20 25 30
Pin (dBm)

35

=—-9GHz
—4—9.7GHz
=#—10.3GHz
i 11GHz

Quiescent Bias Point = 90mA at 25V
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Measured Performance Summary
Quiescent bias, 25V and 90mA

Parameter m Measured Comment

Frequency
SS Gain
IRL

ORL

Psat

PAE at Psat

LS gain flatness

dB

dB

dB

dBm

%

dB

9to11.5

~ 13

> 8

> 8

~7W (38.5dBm) +29dBm drive

~ 42 +29dBm drive
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Conclusion

How to Design an X-Band MMIC PA

« Thorough device level simulations
« Careful choice of matching network topology
« Thorough EM simulations to optimize the layout

Thankyou for attending

For more information please see our website

« www.plextekrfi.com

Any Questions?

rremyy
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