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Abstract — This paper presents a fully integrated terahertz

receiver chain for phased-array with a wide IF bandwidth
designed using a 250-nm InP double heterojunction bipolar
transistor (DHBT) technology. The phased-array receiver
chain consists of a variable-gain low-noise amplifier (VG-
LNA), phase shifter, down-conversion mixer, and injection
locking local oscillator (ILO). Each circuit block is designed to
be broadband to achieve a wide receiver chain bandwidth.

The VG-LNA adopts cascaded amplifying stages with a
current steering technique to control the gain. While the
control voltage (Vcon) varies from 2 to 3.6 V, the gain varies
from 15.6 to 0 dB at 300 GHz. The noise figure is no higher
than 15 dB at all Veon conditions. The phase shifter uses a
current combining structure based on Gilbert cells. The peak
conversion gain is -10 dB at 303 GHz and the 3 dB bandwidth
is 52 GHz extending from 270 to 322 GHz. The LO employs an
injection locking technique. The locking range is from 260 to
328 GHz (22.7%) when a 10-dBm signal is injected. The
maximum output power is 0.5 dBm at 300 GHz. The Gilbert-
cell-based down-conversion mixer shows a 72-GHz bandwidth
extending from 252 GHz to 324 GHz.

The proposed fully integrated phased-array receiver chain
shows a wide bandwidth characteristic. When the control
voltage is set to 2.0 V, the peak conversion gain is 12.3 dB and
the 3-dB bandwidth reaches 45 GHz from 270 GHz to 315
GHz.

Keywords—Injection locking local oscillator, Mixer, Phased
array, Phase shifter, Variable gain low-noise amplifier.

1. INTRODUCTION

Recently, the terahertz band has drawn significant
attention because ultra-high-speed wireless communication
can be feasible using a wide and unallocated frequency
resource. Also, it is an attractive frequency band for various
applications such as radar for detection, imaging system,
and optical signal processing [1, 2]. However, due to the
limited transistor speed and high loss at terahertz band, the
design of a wideband wireless communication system
operating above the H-band (220-320 GHz) is still
challenging. Despite those challenging issues, several
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Fig. 1. Block diagram of the 300-GHz phased-array receiver chain.

terahertz transceivers have been reported [3, 4]. However,
those transceivers are inappropriate to beam-forming
wireless communication systems because there is no phase
shifter integrated to control the phase states.

The terahertz band has high atmospheric absorption and
high channel attenuation. Therefore, to overcome the high
channel loss, a phased-array system should be employed to
implement a terahertz wireless communication system. The
phased-array system improves EIPR of a transmitter and
SNR of a receiver [2]. As it is essential to maintain uniform
magnitude of signal from each array element, a phased
array should also include variable gain characteristic.
Furthermore, the phased-array system should have a wide
operating bandwidth to fully exploit the wideband terahertz
spectrum.

In this paper, we designed a 300-GHz wideband phased-
array receiver chain which is fully integrated into a single
chip using a 250-nm InP DHBT technology. Fig. 1 shows a
block diagram of the phased-array receiver chain. The
receiver chain integrates a variable-gain low-noise
amplifier (VG-LNA), phase shifter, down-conversion mixer
and injection-locked local oscillator (ILO). The VG-LNA,
phase shifter and down-conversion mixer are designed to
be broadband for a wide receiver chain bandwidth. The
frequency of the 300-GHz ILO is locked by using a
frequency doubler with a 150-GHz injection signal.

The 250-nm InP DHBT technology presents fmax of 650
GHz. The process provides four metal layers, a thin-film
resistor of 50 Q/sq, a metal-insulator-metal capacitor of 0.3
fF/um?, and a backside via.

This paper is organized as follows. In section I, the
design of each circuit block is described together with the
simulation results. In section 11, the design of a phased-
array receiver chain is described along with the simulation
results. Lastly, the conclusion is presented in section IV.
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1. CIRCUIT BLOCK DESIGN

A. 300-GHz wideband VG-LNA

A schematic of the VG-LNA is shown in Fig. 2. The
first stage also uses a cascode topology for high MAG and
low NF. To implement variable gain, the second stage of
the VG-LNA adopts a cascode topology with a current
steering technique. Lastly, a common-emitter topology is
adopted in the last stage to improve the output matching
performance. The input is matched for low noise figure and
50-Q impedance. The output is also matched to 50 Q. A
conjugate interstage matching is fulfilled by L-section
lines.

" Current Steering

Fig. 2. Schematic of the 300-GHz VG-LNA.
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Fig. 3. Simulated (a) Sz, noise figure, (b) |S11| and |S,,| of the 300-GHz
VG-LNA.
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The simulation results of the VG-LNA are shown in Fig.
3. The VG-LNA shows a wide bandwidth performance.
When Von 0f the current steering structure is less than 2 V,
|S21] is 15.6 dB at 300 GHz and keeps higher than 12 dB
over 247-338 GHz. When Vo, varies from 2 to 3.6 V, [Sz|
varies 15.6 to 0 dB and NF varies from 14.1 to 14.6 dB at
300 GHz. Thus, the noise figure does not exceed 15 dB
during the control of Vcon. |S11]and |Sz2| maintain less than
—10 dB from 276 to 328 GHz.
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Fig. 4. Schematic of the 300-GHz phase shifter
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Fig. 5. Simulated |Sz| of the 300-GHz phase shifter.
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B. 300-GHz wideband phase shifter

A schematic of the 300-GHz wideband phase shifter is
shown in Fig. 4. A pair of differential signals is generated
by a Marchand balun. Then, each of the differential signals
is applied to a quadrature hybrid coupler so that four
differential quadrature signals (Vo:, Vi) are generated.
Two Gilbert cells are combined in a current domain for
combining each quadrature signal. The dc current of the
Gilbert cells is determined by a tail current source
transistor.

By adjusting Vo and V,, 3-bit phase states are attained
from 0° to 360° at 45° intervals. The Vpon and Vp o are set
to 3.5 V and 2.5 V, respectively. To compensate for the
phase delay difference that occurred by the balun and
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Fig. 7. Schematic of the 300-GHz ILO

12
10 R
T 8f ]
m
Z 6t J
$ 4t ]
&
= 2 1
=
[o% ok
k= —0— Vo e=2.7 V
-2F —a—Vne=22 V
—o— V=18 V
-4 . L L ! . r
260 280 300 320 340
2*Injection Frequency (GHz)
Fig. 8. Sensitivity curve of the 300-GHz ILO
320 - ‘ 2
Power e~
= 310 10 S
I o
Q g
z s
2 300 23
[} o
= -—
o 3
o =3
w 290+ -4
3
Frequency
280 L L -6
15 20 25
VTUNE (V)
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hybrid couplers, the lines with different lengths are inserted
to the output current combining section. Hence, the output
signal of each Gilbert cell is combined without a phase
difference, accordingly. The simulated conversion loss of
each phase state is shown in Fig. 5. At the Vo.and V.. bias
state, the peak gain is -10 dB at 303 GHz and the 3-dB
bandwidth is 52 GHz extending from 270 to 322 GHz. |Sy|
maintains less than - 10 dB from 260 to 340 GHz and |Sx|
bandwidth, which is under -10 dB is 16 GHz extending
from 297 to 313 GHz. Due to the output combining
structure of multiple transistors, the output matching is
considerably degraded compared to the input matching.
The 3-bit phase shift performance is shown in Fig. 6.

C. 300-GHz wideband ILO

Fig. 7 shows a schematic of the 300-GHz ILO. A
common-base cross-coupled topology is adopted for
oscillator core to implement a wide range of negative
resistance. For protecting the oscillator core, a common-
base stage is used as a buffer between the core and output
load. The oscillation frequency is tuned through controlling
Vune Of the varactor.

A single-ended injection signal at 150 GHz is converted
to a differential signal by a Marchand balun. A following
frequency doubler generates a 300-GHz signal, which is
injected to one port of the oscillator core. To minimize the
injection imbalance, a dummy resistance of 100 Q is loaded
to the other port of the oscillator core.

As shown in Fig. 8 and Fig. 9, the tuning range of the
free running oscillator is 11.3 % and the maximum power is
0.2 dBm at 284 GHz. The conversion loss of the frequency
doubler including the input balun is 8.3 dB. The locking
range is from 260 to 328 GHz (22.7%) when a 10-dBm
signal is injected. The maximum output power is 0.5 dBm
at 300 GHz under the locking condition.
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Fig.10.Schematic of the 300-GHz down conversion mixer
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D. 300-GHz wideband down-conversion mixer

Fig. 10 presents a schematic of the 300-GHz wideband
down-conversion mixer. A Gilbert cell is used as a mixer
core for high conversion gain and high port isolation,
followed by an emitter follower. The mixer core is pumped
by a fundamental LO signal generated by the ILO at 300
GHz. Hence, the transmission lines and open stubs are used
for LO and RF ports to be matched to differential 100 Q.
Also, to achieve wideband performance, an inductive
peaking technique using a spiral inductor is adopted. The
turn number and radius of the spiral inductor are carefully
selected considering the IF bandwidth and convenience of
layout design. The simulated conversion gain is shown in
Fig. 11. The peak gain is 7.4 dB at 266 GHz and the gain
bandwidth for 5-dB gain is 72 GHz extending from 252 to
324 GHz. Fig. 12 is the simulated power performance
versus the RF input power, showing -7 dBm of IP1dB.

111. 300-GHZ INTEGRATED PHASED-ARRAY RECEIVER CHAIN

A layout of the 300-GHz integrated phased-array
receiver chain is shown in Fig. 13. The chip size is 1.2x0.8
mm? including probing pads. The VG-LNA, phase shifter,
down-conversion mixer, and ILO are integrated in a single
chip. To reduce DC bias pads, a resistive bias distributor is
used.
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Fig. 13. Layout of the 300-GHz integrated phased-array receiver chain.
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Fig. 14. Simulated conversion gain and noise figure of the 300-GHz
phased-array receiver chain when V,, varied from 2.0 t0 3.6 V.

Fig. 14 represents the conversion gain at various control
voltages (Vcon) of VG-LNA, which vary from 2.0 to 3.6 V
at 0.2-V interval. When the reference control voltage is
applied, the peak conversion gain is 12.3 dB and the 3-dB
bandwidth is 45 GHz from 270 to 315 GHz. The noise
figure is below 19 dB over the entire bandwidth. The
phased-array  receiver chain  achieves  wideband
performance due to the wideband design of each circuit
block. The simulated conversion gain versus RF input
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Fig. 15. Simulated conversion gain and IF output power of the 300-GHz
phased-array receiver chain.
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power at 300 GHz is shown in Fig. 15. The gain begins to
be compressed at around -18 dBm. The dc power
consumption is 0.3 W.

IV. CONCLUSION

A 300-GHz integrated heterodyne phased-array receiver
chain with a wide IF bandwidth is designed in a 250-nm
InP DHBT process. The phased-array receiver chain
operates at LO frequency of 300 GHz and shows peak
conversion gain of 12.3 dB. Also, the 3 dB bandwidth is
extended from 270 to 315 GHz and the noise figure is
below 19 dB over the entire bandwidth. The proposed
phased-array receiver chain can be used for a 300-GHz
high-speed wireless communication system.
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