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Design and realization of D-band InP MMIC amplifier
with high-gain and low-noise
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Abstract: In this paper, two D-band (110 ~ 170 GHz) monolithic millimeter-wave integrated circuit ( MMIC)
amplifiers have been designed and realized using 90-nm InAlAs/InGaAs/InP high gain electron mobility transistors
(HEMT) technology. The amplifiers are developed in common source and microstrip technology. The three-stage
MMIC amplifier A is designed based on device A and measured on wafer with a small-signal peak gain of 11.2 dB
at 140 GHz and 3-dB-bandwidth is 16 GHz with a chip size of 2. 6 mm x 1.2 mm. The two-stage MMIC amplifier
B is designed based on device B and measured on wafer with a small-signal peak gain of 15.8 dB at 139 GHz and
3-dB-bandwidth is 12 GHz and the gain is higher than 10 dB from 130 GHz to 150 GHz with a chip size of 1. 7 mm
x 0.8 mm. The amplifier B also shows an excellent noise character with noise figure of 4.4 dB when the associa-
ted gain of 15 dB is acquired at 141 GHz and the average noise figure is about 5.2 dB over the bandwidth. The am-
plifier B exhibits a higher gain-per-stage, competitive gain-area ratio and lower noise figure. The successful realiza-

tion of MMIC amplifiers is of great potential for receiver-front-end applications at D-band.
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Some applications are mm-wave imaging

Introduction

With the progress of recent advance in the semicon-
ductor device technologies, the millimeter wave even up
to terahertz circuits attracts more attention for various ap-
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systems, space-to-space communication systems, radar

system, high-speed wireless communication, atmospheric
. . . . . 27 . .

sensing and high-resolution imaging>”’. Frequencies in

the range of D-band (110 ~170 GHz) are attractive for

these applications due to an atmospheric propagation win-
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dow around 140 GHz’*°'. The monolithic millimeter-
wave integrated circuit ( MMIC ) amplifier with high
gain, wideband, low noise and low power consumption
plays a vital role in those applications. Aiming at these
characteristics, indium phosphide-based high electron
mobility transistor is a preferred section due to its high
electron mobility!"”!. In the last decade, many MMIC
amplifiers operate at millimeter even up to terahertz have
been repm]rted over the world with different technolo-
gies 24 1115]

Two D-band MMIC amplifiers were described in this
paper. The MMIC amplifiers were measured on-wafer at
room temperature. For amplifier A, the small-signal
peak gain of 11.2 dB was obtained at 140 GHz and 3 dB
bandwidth was 16 GHz. The amplifier B shows a small-
signal peak gain of 15.8 dB at 139 GHz and higher than
10 dB from 130 GHz to 150 GHz. The amplifier B also
shows an excellent noise character with noise figure of

4.4 dB at 141 GHz and the average noise figure is about
5.2 dB over the bandwidth.

1 InP HEMT technology

The MMIC amplifiers ware fabricated in 90 nm In-
GaAs/InAlAs/InP-based HEMT technology with the ma-
terial epitaxial structure shown in Table 1. Figure 1
shows the photo of the device A and device B. The
PHEMTs were grown by molecular beam epitaxy ( MBE)
on a 3-inch semi-insulating (100) InP wafers. Compared
with device A, device B has increased In-content to
65% , with the composite cap layer and shorten distance
between the source and drain''®’. Table 2 summarizes
the key performance parameters of the two pHMETs.

Table 1 InP-based pHEMT epitaxial structure
%1 InP E pHEMT SME #1544

Material
Layer
A B
. In, ¢Gag 4As
Cap Inj 53Gay_47As .
Inj 53Gay 47As
Barrier Ing 5,Aly 4gAs Ing 5,Aly 4gAs

Si-3-doping - -

Spacer Ing 5,Aly 4gAs Ing 5, Alj 4gAs
Channel Ing ¢Gag 4As Ing ¢5Gag 35As
Buffer Ing 5,Aly 4gAs Ing 5pAly 4gAs

S. 1. InP Substrate

Table 2 Key parameters of the device A and device B
x2 FHASHEBHEXSH

Device A Device B
Idss/(mA/mm) 755 894
€ .may/ (mS/mm) 1006 1640
fr/CHz 180 252
frna/ GHz 264 394

The backside of InP HEMT MMIC process provides
a 50-um-thick wafer for reduce the high frequency loss
with through substrate vias, which connect the backside
metal ground plane to the front side device and circuit

(a) Device A (b) Device B

Fig.1 The photo of the devices
KL AR

elements. Additionally, 30 pm diameter through-sub-
strate vias are used for minimizing source inductance and
maintaining high device gain. The process further in-
cludes 500/sq NiCr thin film resistors ( TFRs) , 0.3 fF/
pm’ metal-insulator-metal (MIM) capacitors, and thru-
substrate vias.

2 Circuit design

For maximum comparability of the two amplifiers af-
ter improving material structure and technology, the to-
pologies are identical and the entire MMIC designs are
kept as similar as possible. A simplified schematic of the
MMIC amplifier is depicted in Fig. 2.

2x25 um

Fig.2 Simplified schematic of an amplifier stage

B2 R &2 B2 1

Due to the gain of device A is lower, a three-stage
topology was adopted for amplifier A. All transistors are
in common source configuration, each device with dual
source vias and the total gate width of the InP PHEMT
device is 2 x25 pm. The wafer was thinned down to 50
pm for preventing the excitation of parasitic modes in the
substrate. The input and output matching network topolo-
gies are both proposed to be open stub network topology
in Smith chart and edge-coupled lines are used for DC
blocking between the first and second stage. Quarter-
wave shunt stubs were employed as RF shorts to provide
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bias to the transistors and radial stubs are employed for
RF bypass. In order to stabilize the MMIC, resistor-ca-
pacitor networks and inductive source feedback for the
HEMTs were employed. The chip photograph of the man-
ufactured D-band MMIC amplifier is shown in Fig. 3 and
Fig. 4 and the size of the chip is about 2. 6 mm x 1. 2
mm and 1.7 mm x 0.8 mm for amplifier A and B respec-
tively.

Fig.3  Chip photograph of the presented amplifier
A :three-stage amplifier
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Fig.4  Chip photograph of the presented amplifier B
two-stage amplifier
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3 On-wafer measurement

Characterization of the MMIC amplifiers was done
by on-wafer measurements. The measurement setup is
shown in Fig. 5. The S-parameter measurements were
performed using an Agilent N5245A PNA-X network ana-
lyzer with Farran Technology of series FEV-06 (110 ~
170 GHz) frequency extenders. To measure the noise
figure, the D-band output signal was down-converted and

measured by Agilent N§975A. Off-chip bypass capacitors
were wire-bonded to every gate and drain bias pad for
suppress the potential self-oscillations. The on-wafer
measured S-parameters of the two MMIC amplifiers are
depicted in Figs. 6 and 7, respectively.

The on-wafer S-parameters of amplifier A measured
at room temperature are shown in Fig. 6. The MMIC was
biased at V; =1.5 V, while the entire drain current was
43 mA. The maximum linear gain of approximately 11.2
dB was achieved at 140 GHz and 3 dB bandwidth is a-
bout 16 GHz from 131 GHz to 147 GHz with input return
loss (S11) of 1 ~7 dB and output return loss (S22) of 6

~15 dB, which ensuring a better standing wave ratio.

BEREAE] O
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Fig.5 Measurement setup ( S-parameters)
K5 S SHNECE &R B

The on-wafer S-parameters of MMIC amplifier B
measured at room temperature are depicted in Fig. 7.
The maximum linear gain of approximately 15.8 dB was
obtained at 139 GHz and greater than 10 dB from 130 to
150 GHz. The measured input return loss and output re-
turn loss are better than 3.6 dB and 7 dB in operating
frequencies, respectively. The total power consumption
of the MMIC is 26. 4 mW with a drain voltage of V,, =
1.2 V. Figure 8 shows the noise figure of the MMIC, the
optimal noise figure of 4.4 dB with the relatively high as-
sociated gain of 15 dB is acquired at 141 GHz and the
average noise figure is about 5.2 dB over the bandwidth.

Table 3 Performance summary of amplifiers at D-band with different technologies

#3 DEBAREIZMAIFIEREIILE

Ref. Freq /GHz Technology Gain/stage (dB) Topology NF/dB Chip-size /mm? Pde/mW
40 nm GaAs
[5] 115 ~160 mHEMT >5 4-CC 4 2.0x1.0 60
70 nm InP
[10] 110 ~ 140 4.6 4-CC 6 2.6x1.3 402
HEMT
90 nm SiGe .
[15] 122 ~150 BICMOS 7.5 3-CS 6.2 0.7 x0.75 45
[17] 121 ~139 65 nm CMOS 3.3 8-CC 12 1.9x1.0 115.2
100 nm GaAs
~ . 3-CS . . 31.
[18] 97 ~ 155 mHEMT 7.6 CS 4.2 2.0x0.75 1.5
A 130 ~ 150 %0 nm InP 3.8 3-CC 2.6x1.2 64.5
/ ~ . - - 6 x1. .
HEMT
90 nm InP
B 130 ~ 150 7.9 2-CC 4.4 1.7x0.8 26.4

HEMT
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S21(Meas.)

S21(Sim.)

maters/dB
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Freq/GHz

Fig.6 On-wafer measured S-parameters of MMIC am-
plifier A
K6 MMIC JRAs A 7ER LTS S 244

The equivalent circuits model of the devices is based
on the measured S-parameters from 0. 5 GHz to 110
GHz, however the model performance beyond 110 GHz is
extrapolated. So the discrepancy between the simulation
and measured can be attributed to model errors. The
MMIC amplifiers are measured on-wafer that may lead to
self-excitation and mismatch, so the input and output re-
turn loss is not ideal.

S-paramaters/dB

140 145

Freq/GHz

Fig.7 On-wafer measured S-parameters of MMIC am-
plifier B
K7 MMIC ks B 787 T S 240

The comparison of this work with previously pub-
lished amplifiers at D-band are shown in Table 3. Our D-
band MMIC amplifier B exhibits higher gain per stage
and a better noise figure. Compared with our previous
work , the excellent performance of the amplifier B bene-
fits from the improved device performance, which has
higher maximum oscillation frequency by optimal material
structure and technology.

As above-mentioned, the topologies of amplifier A
and B are identical and the entire MMIC designs are kept
as similar as possible. Therefore, the difference in per-
formance between amplifier A and B is derived from the
technology and material structure. For device A, the
semiconductor manufacturing process is immaturity and

NF/dB
W

. \.\.\./_\_\_\- /.\.\./L /'\./ -

2 . .
130 135 140 145 150
Freq/GHz

Fig.8 On-wafer measured noise figure of MMIC ampli-
fier B

K8 MMIC RS B 1E 7 A 24K

the gate length is greater than 90 nm. In addition, the
optimized material structure with In-content increased, a-
dopting composite cap layer and introducing energy
quantization by reducing the channel thickness also im-
proved the performance of the device B. After improving
the manufacturing technology and optimizing material
structure, the device B shows higher f; and f, . There-

fore, amplifier B exhibits better performance than ampli-
fier A in the aspect of gain-per-stage and power con-
sumption.

4 Conclusion

Two D-band common source MMIC amplifiers have
been designed and developed using 90 nm InP-based
HEMT technology. For amplifier A, the small-signal
peak gain of 11.2 dB was obtained at 140 GHz and 3 dB
bandwidth was 16 GHz. After improving material struc-
ture and technology, amplifier B has been designed and
fabricated. The amplifier B shows a small-signal peak
gain of 15.8 dB at 139 GHz and higher than 10 dB from
130 GHz to 150 GHz. Amplifier B shows a better return
loss and higher gain-per-stage. The optimum noise figure
of 4.4 dB with a relatively high associated gain of 15 dB
at 141 GHz. Amplifier B has characters of higher gain
per stage and low noise. Increased the In-content, shor-
ter the gate length and optimum Ohmic contact can fur-
ther improve the MMIC amplifier characteristics.
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