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Abstract— A 320 GHz fully integrated terahertz imaging
system is reported. The system is composed of a phase-
locked high-power transmitter and a coherent high-sensitivity
subharmonic-mixing receiver, which are fabricated using a
130 nm SiGe BiCMOS technology (f7/fmax = 220/280 GHz).
To enhance the imaging sensitivity, a heterodyne coherent detec-
tion scheme is utilized. To obtain frequency coherency, fully
integrated phase-locked loops are implemented on both the
transmitter and receiver chips. According to the measurement
results, consuming a total dc power of 605 mW, the transmitter
chip achieves a peak radiated power of 2 mW and a peak
EIRP of 21.1 dBm. The receiver chip achieves an equivalent
incoherent responsivity of more than 7.26 MV/W and a sensitivity
of 70.1 pW under an integration bandwidth of 1 kHz, with a total
dc power consumption of 117 mW. The achieved sensitivity with
this proposed coherent imaging transceiver is around ten times
better compared with other state-of-the-art incoherent imagers.
To the best of our knowledge, this paper demonstrates the first
fully integrated coherent terahertz imaging transceiver on silicon.

Index Terms—BiCMOS, coherent imager, heterodyne detec-
tion, phase-locked loop (PLL), return-path gap coupler (RPGC),
sensitivity, SiGe, subharmonic mixing, terahertz imaging,
transceiver.

I. INTRODUCTION

UE to the emerging applications in security screening [1],

biology [2], medical diagnosis [3], and material char-
acterization [4], terahertz imagers are attracting increasing
attention. Compared with microwave frequencies, the shorter
wavelength could effectively enhance the spatial resolution.
Compared with X-ray, the nonionizing nature makes it more
preferable in many applications. As the development of fab-
rication and design techniques, silicon platform is becoming
more and more attractive and suitable for terahertz imagers
implementation, since it could provide much higher integration
level and yield, as a result, significantly lower cost and smaller
size.
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According to Planck’s law of thermal radiation, terahertz
wave is emitted from any warm body as part of the blackbody
radiation [5], but the emitted power is normally very weak.
Due to the limited sensitivity of current silicon detectors,
the active imaging scheme is more practical, which means
that a high-power terahertz radiating source is needed for
illumination. As a result, a lot of research effort was made
on silicon terahertz source design and significant progress
has been made. In [6], a 280 GHz 4 x 4 radiating array
capable of beamsteering is presented, which achieves a
0.19 mW output power and a 9.4 dBm EIRP. A 338 GHz 2-D
4 x 4 phased array is introduced in [7], and the obtained output
power and EIRP are 0.81 mW and 17.1 dBm, respectively.
In [8], a 530 GHz source module with up to 1 mW output
power for diffuse illumination is demonstrated. To form a
complete imaging system, a terahertz detector is needed to pair
up with the source. Previous works have also demonstrated
terahertz detectors on silicon successfully. Using Schottky
barrier diodes, a 280 GHz 4 x 4 array and an 860 GHz
detector cell are demonstrated, achieving minimum NEPs of
29 and 42 pW/+/Hz, respectively [9]. In [10], a 320 GHz
4 x 4 imaging array in a SiGe technology is presented, which
is measured to have an average NEP of 34 pW /+/Hz. In [11],
a | kpixel terahertz imaging camera chip at 860 GHz is
introduced, which achieves an NEP of 100 pW /+/Hz.

However, since most of the previous works are based on
incoherent direct detection, the sensitivity is limited. Con-
sequently, in order to obtain a reasonable dynamic range,
normally an off-chip high-power source is needed for illu-
mination [9]-[11]. In order to implement a fully integrated
terahertz imager, the detector sensitivity needs to be improved
to alleviate the output power requirement on the source, so
that an on-chip source would suffice. To enhance the detector
sensitivity, the heterodyne detection scheme can be used [12].
However, this requires frequency coherency between the
source and the detector. To achieve this, multiplier-chain-
based sources could be used, but they are normally less power
efficient and need RF input sources [13]. Fortunately, the
phase-locked terahertz sources on silicon have been demon-
strated recently. In [14], a 300 GHz phase-locked loop (PLL)
is introduced, which can provide a 40 uW probed output
power. In [15], a 320 GHz transmitter chip with on-chip PLL
achieving a 3.3 mW output power and a 22.5 dBm EIRP is
demonstrated.

In this paper, a 320 GHz coherent imaging transceiver is pre-
sented. In the transmitter chip, a 4 x4 radiator array is injection
locked to an on-chip PLL to provide terahertz illumination.
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Fig. 1.

In the receiver chip, an eight-cell subharmonic-mixing detector
array is used to perform a coherent heterodyne detection
to enhance sensitivity. Fabricated with a 130 nm SiGe:C
BiCMOS process, the transmitter achieves a 2 mW out-
put power and a 21.1 dBm EIRP. The receiver achieves a
31 V/V RF-to-baseband voltage conversion gain. With a 1 kHz
bandwidth (corresponding to a 1 ms time constant for fast
imaging), the proposed coherent imager achieves a sensitivity
of 70.1 pW. Compared with other state-of-the-art incoherent
imagers, it is around ten times better. The sensitivity enhances
even further with larger bandwidth (around 20 times for
10 kHz and around 70 times for 100 kHz) corresponding
to faster imaging. Even though coherent imaging has been
demonstrated previously, all of them use multiplier-chain-
based sources [16] or injection lock on-chip sources to outside
signal [17], which all require high-frequency high-power RF
inputs. Using the PLL-based structure, this paper demonstrates
the first fully integrated coherent terahertz imaging transceiver
on silicon.

In Section II, principles of the coherent heterodyne detec-
tion and the transceiver architecture are introduced. The
transmitter architecture and detailed circuit blocks design
are given in Section III. The subharmonic-mixing receiver
design is presented in Section IV. The experimental results
of the imager prototype are presented in Section V. Finally,
a performance summary and comparison with some state-
of-the-art imagers as well as a brief conclusion are given
in Section VI.

II. PRINCIPLES OF HETERODYNE DETECTION AND
SYSTEM ARCHITECTURE

Due to the limited f,x and breakdown voltage of silicon
transistors, obtaining high output power is still challenging.
With the current silicon sources, in order to achieve high
dynamic range for high-quality imaging, the sensitivity of the
detector needs to be enhanced.

A. Heterodyne Detection and Direct Detection

The conventional incoherent direct detection scheme is
shown in Fig. 1(a). If an input signal Vrp cos(wrp? + ¢RF)
is applied, the produced dc output change will be a2V}%F /2,
where ap is determined by the nonlinear device used. Due
to its simplicity, this scheme is used in most of the previous
works [9]-[11], [18]. To alleviate the impact of the device
flicker noise, the output signal is normally chopped to an
IF frequency. As a result, the output IF signal (fundamental
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Fig. 2. ST 130 nm BiCMOS bipolar transistor with a 700 nm emitter length
configured as a (a) direct detector and a (b) heterodyne detector.
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tone of the square wave after chopping) is

1
VIr(t) = ;anﬁp cos(wrrt) (1)

in which wrr is the chopping frequency. In the heterodyne
detection scheme, the input terahertz signal is mixed with a
local oscillation (LO) signal to generate the output IF signal,
as shown in Fig. 1(b). In this case, if a terahertz input of
VRF cos(wrpt +¢rr) and an LO of Vi o cos(wpot) are applied,
the output IF signal can be written as

Vir(t) = —b2VRr VLo cos(wirt + @rF) (2)

in which wrr equals the frequency difference between the RF
and LO, ¢rr represents the phase of the RF signal, and b, is
the mixing coefficient of the device. Comparing (1) and (2), we
can see that in the heterodyne detection case, the followings
hold.

1) The output drops with VRp instead of V}%F, meaning
when the RF signal is weak, the output of a heterodyne
detector drops much slower compared with that of a direct
detection one.

2) The output signal is also proportional to Vi o. Normally,
as the LO power is considerably higher than the
RF signal, the output signal will also be stronger.

3) Phase information of the RF signal (prp) is preserved
at the output. As a result, electrical scanning based
on digital beamforming is achievable, which has the
potential to replace the traditional mechanical scanning
to significantly reduce the imaging time.

Therefore, the heterodyne detection scheme can largely
enhance the detector performance. For a further comparison,
a bipolar transistor is configured both as a direct detector
[input power injected from the emitter, as shown in Fig. 2(a)]
and a heterodyne detector [input power injected from the
emitter and —20 dBm LO power pumped into the base,
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Fig. 3. Comparison simulation results using the ST 130 nm BiCMOS bipolar
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Fig. 4. PLL-based subharmonic-mixing heterodyne detection transceiver
architecture.

as shown in Fig. 2(b)]. The simulated output current with
different RF powers in both cases is shown in Fig. 3. It is
obvious that under low RF power, which is the real scenario
in most applications, the heterodyne detection scheme shows
a great advantage. With an assumed bandwidth of 1 MHz,
the simulated integrated current noise is 7.7 nA. Under this
circumstance, to achieve a signal-to-noise ratio (SNR) of 1,
the required input power of the heterodyne detector is around
40 dB lower than that of the direct detector. If a bandwidth
of 10 kHz is chosen, the difference becomes 50 dB, as shown
in Fig. 3.

B. Subharmonic-Mixing Heterodyne Transceiver Architecture

The heterodyne detection scheme requires frequency
coherency between the transmitter and the receiver in order
to obtain an output signal with a stable frequency. Frequency
coherency can be obtained using multiplier chains; however,
it has two obvious drawbacks: 1) it needs high-power high-
frequency sources and 2) the dc-to-RF efficiency is normally
low compared with oscillator-based sources [13]. In order
to achieve higher integration level and better power effi-
ciency, a PLL-based transceiver architecture shown in Fig. 4
is proposed. In the transmitter, the 320 GHz radiator is
injection locked to a 160 GHz PLL. There is one important
issue that needs to be addressed: the radiator is required to
generate high output power, which needs the oscillators in
the radiator to have a large oscillation activity. However, the
power injected into the radiator is limited due to the power
consumption restriction of the PLL. As a result, the radiator
can only be locked within a limited range near its free-running
frequency [19]. Fortunately, the heterodyne detection scheme
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does not require large frequency tuning. However, since the
free-running frequency of the radiator is hard to predict accu-
rately due to the inaccurate device model at high frequency
and process variation, the PLL needs to have a sufficient
tuning range to cover the possible frequency shift of the
radiator. In the receiver, the phase-locked 320 GHz RF signal
is mixed with the 160.05 GHz LO generated by the receiver
PLL. Ideally, we could use the PLL to injection lock another
320 GHz oscillator to generate the LO signal. However, with
a large oscillation activity in the 320 GHz oscillator, the
tuning range for the LO is largely reduced as discussed before.
Due to the possible frequency mismatch caused by process
variation between the transmitter and receiver, such a small
locking range may not be able to ensure frequency coherency.
To address this issue, even with a relatively larger conversion
loss, the subharmonic-mixing scheme is still used to obtain
a wider LO tuning range to ensure frequency coherency.
Moreover, in this scheme, the PLL in the transmitter can be
reused in the receiver with minor modifications, which makes
it much simpler and also causes less frequency mismatch.
After the subharmonic mixing, the output 100 MHz IF signal is
then processed by the on-chip baseband circuits. The detection
output is finally collected and sent to a computer for image
construction.

III. DESIGN OF THE HIGH-POWER
PHASE-LOCKED TRANSMITTER

Even though the heterodyne detection scheme could
enhance the sensitivity of the detector, it is still desirable to
achieve high output power for better image quality. Shown
in Fig. 5 is the architecture of the high-power 320 GHz
phase-locked transmitter. Sixteen radiator cells form a
4 x 4 radiator array with their power adding up in free space.
The radiator array is then injection locked by the 160 GHz
PLL. A similar architecture is reported in [15]; however, only
a 200 MHz tuning range is achieved at the 320 GHz output.
It will be shown later that patch antennas are used on the
receiver side, which have a narrow bandwidth. In order to
ensure that the transmitted frequency falls inside the receiver
antenna bandwidth, a much larger frequency tuning range is
desired. Next, design details of some critical circuit blocks are
given.

A. Radiator Array

Since the targeted frequency is higher than the fi.x of
the transistors in this 130 nm BiCMOS process (fmax =
280 GHz [20]), harmonic oscillators are used. It has been
shown in [15] that there are several conditions for maximizing
the radiated harmonic power.

1) Shown in Fig. 6 is a two-port network representation
of a bipolar transistor. As shown in [21], there is an
optimum phase condition for the complex voltage gain A
to maximize the fundamental oscillation activity: ZAqp =
L= (ya1 + 7).

2) Isolation between the base and collector of the transistor
at the desired harmonic frequency is necessary to elimi-
nate the self-power-cancellation/loading effect [21].
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3) Efficient harmonic signal radiation near the transistor is
desired in order to avoid additional feed line or matching
network loss.

In [15], a return-path gap coupler (RPGC) based self-
feeding oscillator structure is presented, which can simulta-
neously meet all the aforementioned conditions. Utilizing this
structure, two adjacent radiator cells are shown in Fig. 7.
The self-feeding lines are used to achieve the optimum phase
condition for the transistors. Since the RPGC is opaque to
even-mode signals, isolation between the base and collector
at second harmonic is achieved [15]. Besides, the generated
harmonic power is instantly radiated by the top slots without
experiencing additional loss caused by the feed lines and
matching network. It is also noteworthy that the RPGC nat-
urally separates the dc, which allows us more freedom for
optimum base and collector biasing. The harmonic power is
collected at the base of the transistors for better harmonic
generation efficiency. Compared with [15], slightly smaller
transistors are chosen in this design to lower the fundamental
oscillation in order to increase the locking range between the
PLL and the radiator cells.

90°
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Fig. 8. Simulated radiation pattern of (a) one radiator cell and

(b) 4 x 4 array.

To increase the total radiated power, sixteen radiator cells
are implemented to form a 4 x 4 array with their power
combining constructively in the far field, as shown in Fig. 5.
In each row, four radiator cells are mutually coupled together.
The mutual coupling is realized through coupling transmission
line tapping on the radiator self-feeding lines, as shown in
Fig. 7. In [15], it has been shown that the radiator cells
can only be coupled in phase, so the boundary between
two adjacent cells behaves like an open termination. As a
result, the added coupling lines act like small shunt capac-
itors. To minimize the impact, the coupling lines need to
be short and have a high characteristic impedance. As a
result, CPW lines with thin signal traces are used. Due to
the compact design of the radiator cells, the 4 x 4 array
only occupies an area of 0.87 x 0.85 mm?. The simulated
backside radiation patterns of a single radiator cell and the
4 x 4 array are shown in Fig. 8, with the directivities of
7.4 and 17.7 dBi, respectively.

B. 160 GHz Phase-Locked Loop

As shown in Fig. 5, the PLL is composed of a phase
frequenter detector (PFD), a charge pump, a third-order loop
filter, a divide-by-256 divider chain and four mutually cou-
pled voltage-controlled oscillators (VCOs), as well as VCO
fundamental buffers and harmonic buffers.

Since there is no strong coupling mechanism among the
radiator rows, four mutually coupled VCOs are implemented
to inject their second harmonic into each radiator row to obtain
overall synchronization. The schematic of the VCO with the
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fundamental buffer is shown in Fig. 9. As mentioned before,
to assure frequency locking between the PLL and the radiator
array, a large tuning range is required for the PLL. However, in
conventional cross-coupled VCOs, the large transistor parasitic
capacitance C is in parallel with the varactor, which makes
it extremely hard to get a desired tuning range with adequate
oscillation power due to the lossy varactor at this frequency.
To obtain a better tradeoff, a differential Colpitts oscillator
topology is adopted [15]. In the VCO, a common-base cascode
stage (Q3 and Qa) is placed on top of the main transistors Q1
and Q> to provide a low-impedance termination required by
Colpitts oscillators. The second-harmonic signal is extracted
at the top of the transmission line 7 L4, which will be sent
to the second-harmonic buffer. The transmission line 7T Lo
is used to transform the large parasitic drain capacitance
of My and M; into a weakly inductive impedance, so the
operation of the VCO is not affected. The intermediate node
of TL, is directly connected to the adjacent VCO for a
strong mutual coupling. Similar to the mutual coupling of the
radiators, VCOs are coupled in phase and the connect points
present open, so each VCO itself is not affected. The control
signal (V;, shown in Fig. 5) is carefully distributed into the
four VCOs to avoid frequency mismatch. Another common-
base n-p-n transistor pair Qs and Q¢ with transmission lines
on their collectors form the differential fundamental buffer,
which feeds the 80 GHz output fundamental signal into the
following divider chain (or dummy load, for minimizing fre-
quency mismatch among the VCOs). Shown in Fig. 10 is the
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second-harmonic buffer, in which a cascode structure is used.
A series L and C section is placed at the base of Q», which
resonates at 160 GHz to present a small impedance for RF
grounding. Both input and output coupling capacitors (Cip
and Cgyy) are custom designed metal-oxide-metal (MOM)
capacitors to minimize the parasitic capacitance to the ground.
According to simulation, —2.4 dBm power is injected into
each radiator row from the second-harmonic buffer. It is wor-
thy to mention that in steady state, the loading of the second-
harmonic buffers will break the symmetry of the radiator rows.
In order to minimize this impact, the buffers need to have large
output impedances.

Shown in Fig. 11 is the schematic of the injection-locking
dividers (ILFDs). The transmission line 7 L; and transistor
pair Q1 and Q> form the oscillator core of the first-stage ILFD.
The free-running frequency is designed to be 40 GHz and can
be tuned by changing the bias of the tail NMOS transistor M
in the case of process variation. The input signal is injected
into the oscillator core through M> and M3. For the second-
stage ILFD, the inverter-based ILFD topology is used for its
compact size and wide locking range. Multiphase injection
technique is also adopted to further increase the locking
range [22]. Eventually, the overall input locking range of the
ILFDs is determined by the first stage, which is simulated to be
from 75 to 85.2 GHz, and is large enough to ensure locking
of the whole PLL. The output of the ILFDs is sent to two
cascaded CML dividers (from 20 GHz to 5 GHz) followed
by a divide-by-16 digital divider made of TSPC logic (from
5 GHz to 312.5 MHz). The total division ratio of the divider
chain is 256.

Finally, the simulated locking range of the PLL is around
17 GHz at the 160 GHz output, which is large enough to
cover +£5.3% radiator frequency shift. This is very helpful
for assuring frequency coherency even under large process
variation.

IV. DESIGN OF THE HIGH-SENSITIVITY HETERODYNE
DETECTION RECEIVER

To pair with the transmitter, a 320 GHz high-sensitivity
subharmonic-mixing coherent receiver is designed, with the
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architecture shown in Fig. 12. It is composed of an eight-cell
detector array, a 160 GHz PLL, and an LO distribution net-
work. Using the subharmonic-mixing scheme, the output of the
PLL is directly used as the LO signal. In this way, lower power
consumption and a much wider LO tuning range are achieved.
In this section, some design details will be discussed.

A. Subharmonic-Mixing Heterodyne Detector Cell

The structure of the proposed subharmonic-mixing hetero-
dyne detector cell is shown in Fig. 13, in which bipolar
transistors are used to perform the LO and RF mixing. The
received RF signal is injected into the emitter of the transistors
and the LO signal is fed from their base. The detector cell
is made into a differential form in order to alleviate the LO
self-mixing problem. After LO and RF mixing, the generated
IF signal is amplified by a low-noise preamplifier before it
gets mixed again into the 100 kHz baseband signal. Finally a
low-pass filter with a 200 kHz cutoff frequency is followed to
filter out the unwanted components.

To accommodate to the differential detector structure,
a differential patch antenna is designed. The top and cross-
sectional views of the antenna are shown in Fig. 14(a) and (b),
respectively. The antenna occupies an area of 250 x 240 xm?.
The antenna is implemented using the top metal (M6), which
has a thickness of 3 um. To avoid the terahertz wave
from coupling into the lossy silicon substrate, an overlapped
M1-to-M3 ground plane is placed underneath the antenna. The
distance between the antenna to the ground plane is 7.61 gm.
To avoid crosstalking with the near-by structures (transmission
lines, transistors, etc.), stacked M1-to-M6 metal walls are
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placed surrounding the antenna with a 20 um clearance.
Though the ground walls slightly degrade the efficiency of
the antenna, adding them provides us with better prediction
of the antenna resonance frequency, which is very important
due to the narrow bandwidth of the patch antennas. As shown
in Fig. 13, the emitter of the transistors is directly connected
to the antenna. To provide a dc bias, the center of the patch
antenna is connected to ground as shown in Fig. 14(a) and (b).
Due to the differential structure, the central line of the antenna
is equivalently RF grounded, so this ground connection has
no impact. The length of the antenna is set to be 212 um
for a resonance at 320 GHz, and the width is designed to be
200 um to obtain an impedance of 350 Q for easy matching
with the input impedance at the emitter. The simulated antenna
gain in different directions and the reflection coefficient versus
frequency are shown in Fig. 14(c) and (d), respectively. The
antenna gain in the broadside is simulated to be 2.2 dB.

To minimize the RF signal loss, the transistors are placed
as close to the antenna as possible, with a very simple
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matching scheme: only one shunt transmission line stub (7' L1)
is used as shown in Fig. 13. The matching scheme on a Smith
chart is shown in Fig. 15(a). The 86 um shunt stub 7L
transforms the emitter impedance of (194-j190) Q into 350 Q
for matching with the patch antenna. To make this matching
scheme feasible, a codesign is needed for the antenna and the
transistors in order to obtain suitable impedances. Besides that,
a tradeoff between the conversion loss and the device noise
also needs to be considered while choosing the transistor size.
The simulation result of the RF reflection coefficient at the
transistor emitter (assuming a source impedance of 350 Q) is
shown in Fig. 15(b). In the detector cell, all the transmission
lines are made of G-CPW lines with a characteristic impedance
of 58 Q. The matching scheme for the LO signal is shown
in Fig. 16(a). The transmission line section 7L, and the
short matching stub 7 L3 transform the capacitive transistor
base input impedance into a 58 Q impedance, so that it is
perfectly matched with the characteristic impedance of the
feed line T L4. The dc bias for the base of the transistors is
provided at the far end of T L3. Then, the feed lines (7 L4) on
the two sides combine to form a common LO feed-in point,
which has an input impedance (Z1 0,in) of 29 Q. The simulated
LO reflection coefficient at this feed-in point (assuming a
source impedance of 29 Q) is shown in Fig. 16(b).

B. 160 GHz Phase-Locked Loop

The PLL in the receiver is very similar to the one in the
transmitter, but it has only one VCO, as shown in Fig. 12.
In addition, high output impedance is no longer required
for the VCO second-harmonic buffer, so it can be modified
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Fig. 17. Highly symmetrical LO distribution network structure.

to maximize the delivered LO power. The simulated output
tuning range is 18.1 GHz at the 160 GHz output, which is
slightly larger than the one in the transmitter.

C. Highly Symmetrical LO Distribution Network

As shown in Fig. 12, the LO signal generated by the
PLL needs to be delivered into each of the eight detector
cells. However, to distribute the LO power evenly with the
same delay (phase) and power is challenging. In order to
achieve that, a highly symmetrical distribution network shown
in Fig. 17 is designed. First, the LO feed-in points of every
two adjacent detector cells are combined together with two
S1 blocks, forming four adjoint points. Then, four S2 blocks
combines the four newly formed adjoint points together to get
a common LO feed-in point for all the eight detector cells.
Since the network is mainly built up upon S1 and S2 as well
as their flipped and rotated versions, it is highly symmetrical,
which is very helpful for the eight detector cells to receive an
LO signal with the same power and phase.

In the S1 block, a 38 Q quarter-wave line transforms the
29 Q detector cell LO port impedance into a 50 Q impedance
(Z1 = 50 Q). After two adjacent detector LO ports are
combined, the impedance seen from each of the adjoint points
will be Z>, = Z;/2 = 25 Q. Then, in the S2 block, another
38 Q quarter-wave line 7L, transforms Z, into a 60 Q
impedance, so the length of the following 60 Q line 7 L3
can be adjusted according to the desired distance between
the detector cells. After the four S2 blocks join together,
the impedance seen at the common LO feed-in point will be
Zs = Za/4 = 15Q. Then, a 38 Q and a 60 Q quarter-wave
line (T' L4 and T Ls) further transform the impedance into 40 Q
(Z7 = 40Q), as shown in Fig. 17. Assuming that O dBm signal
power is applied at the input port of the distribution network,
the simulated power and phase shift at all the eight output ports
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Fig. 19. Matching network at the output of the 160 GHz PLL. (a) Structure.
(b) Matching scheme on a Smith chart.

are shown in Fig. 18. The LO power is evenly distributed with
only a 0.15 dB difference among eight output ports. The total
loss of this distribution network is 1.5 dB. Phase of the upper
four outputs (P;—Py4 in Fig. 17) is around 5° behind the lower
four outputs (Ps—Pg), this is because the transmission line
tapping to the center of the network (7 L4 in Fig. 17) slightly
breaks the symmetry. Fortunately, this phase difference causes
only a constant phase offset, which can be easily calibrated.

The simulated optimal load for the VCO harmonic buffer is
200 Q, so a short-stub matching structure is used to transform
the 40 Q input impedance of the LO distribution network into
200 Q, as shown in Fig. 19. The 40 Q feed line between
the LO distribution network and this matching structure can
have an arbitrary length, providing more freedom for floorplan
of the whole chip. Finally, the LO power delivered into each
detector cell is simulated to be —12 dBm.

V. PROTOTYPE AND EXPERIMENTAL RESULTS

The proposed coherent imaging transceiver chips are fabri-
cated using the STMicroelectronics 130 nm SiGe:C BiCMOS
process. The transmitter chip shown in Fig. 20(a) occupies an
area of 1.6 x 1.3 mm?. The receiver chip shown in Fig. 20(b)

takes an area of 1.7 x 1.8 mm?.

A. Transmitter Measurements

Since the transmitter chip radiates from the backside, to
eliminate the lossy substrate wave, a high-resistivity hemi-
spherical silicon lens is used [21]. For ease of packaging and
alignment, a high resistivity silicon wafer (300 #m thick and
~1 cm? large) is placed in between the chip and the sili-
con lens [23]. The frequency/spectrum measurement setup is
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Fig. 20. Microphotograph of the (a) transmitter chip and (b) receiver chip.

shown in Fig. 21(a), in which an even harmonic mixer (EHM)
mixes the received THz beam with the 16th harmonic of the
20 GHz signal supplied by the signal source. The IF product
is then measured with the spectrum analyzer. The measured IF
spectrum with the PLL on and off is shown in Fig. 22. When
the PLL is off, there is no strong coupling among the radiator
rows, multiple peaks are observed [Fig. 22(a)]. The number
of the peaks does not equal to the number of the radiator
rows, which is caused by the mutual pulling among the rows
through the silicon substrate and antenna coupling. When the
PLL is turned on, the radiator rows get synchronized through
the mutually coupled VCOs and only a single peak is observed
[Fig. 22(b)]. For a better comparison, a close-in spectrum of
the free-running scenario and frequency locked scenario are
plotted in the same graph, as shown in Fig. 23. It is obvious
that after the frequency locking, the spectrum of the radiated
THz beam is determined by the PLL, which presents a much
sharper tone compared with the free-running case. The phase
noise after the frequency locking is also shown in Fig. 23.
Due to the large division ratio (N = 1024 from 312.5 MHz
to 320 GHz) and the wide tuning range requirement for
the PLL, the output phase noise is sacrificed. The measured
in-band (100 kHz offset) and out-of-band (10 MHz offset)
phase noises are —67.4 and —87.2 dBc/Hz, respectively. The
frequency locking range of the transmitter under different
radiator base bias voltages is shown in Fig. 24. As the bias
voltage increases, the oscillation activity of the radiators also
increases, and as discussed before, the locking range decreases
quickly. However, a total locking range of 3.91 GHz is still
achieved, which is largely improved compared with [15].
The radiation pattern of the transmitter shown in Fig. 25 is
measured by rotating the chip in both azimuth and elevation
directions on a rotary stage. The measured directivity is
18.0 dBi. It is noteworthy that the insertion of the silicon
wafer makes the chip not exactly at the spherical center of
the lens, which will lead to beam collimation. This explains
why we observe lower side lobe level in Fig. 25 compared with
the simulation in Fig. 8(b). However, due to the concentrated
beam radiated by the radiator array, the measured directivity
is still close to the simulation [23]. The power measurement
setup is shown in Fig. 21(b), in which a PM4 calorimeter is
used for better precision. To obtain accurate results, we need to
make sure that the horn antenna is put far away enough from
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the transmitter to ensure far-field condition and avoid standing
wave effect so that the Friis equation is valid. First, the
distance is changed from 5 to 12 cm, the calorimeter measured
power is shown in Fig. 26(a). It can be seen that when the
distance is larger than 6 cm, the results match with the Friis
equation well. In the following measurements, a 9 cm distance
is chosen. The supply voltage for the transmitter is swept,
and the peak radiated power and the associated dc-to-THz-
radiation efficiency are shown in Fig. 26(b). The maximum
radiated power and EIRP achieved are 2 mW and 21.1 dBm,
respectively. The maximum dc-to-THz-radiation efficiency
is 2.4%.

The transmitter chip consumes a total dc power of 605 mW:
the radiator array dissipates 433 mW, the VCO array (includ-
ing fundamental buffers and harmonic buffers) takes 128 mW,
and the rest of the PLL consumes a 44 mW power.

B. Receiver Measurements

The measurement setup for the receiver is shown in
Fig. 27. The transmitter chip works as the source to radiate
the 320 GHz RF signal. To eliminate the standing wave

Fig. 24.  Measured frequency locking range under different radiator bias
points.
180
= E-plane -20dB -10dB 0dB
= H-plane
Fig. 25. Measured radiation pattern of the transmitter.
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Fig. 26. Power measurement results. (a) Measured power by the calorimeter
at different distances from the transmitter chip. (b) Measured peak output
power and the associated dc-to-THz radiation efficiency under different supply
voltages.

effect caused by reflection at the receiver PCB, an absorber
is positioned in front of it with a hole for the wave to pass
through. Even with the absorber, the receiver still needs to
be put at least 15 cm away from the transmitter. The signal
analyzer and the oscilloscope are used to observe the receiver
output signal in frequency and time domains, respectively.
Fig. 28 shows the measured phase noise of the CML output
signal in the receiver PLL (test point in Fig. 12). Since it is
the LO signal divided by 32, the phase noise of the LO is
30 dB higher. At a large offset frequency (>1 MHz), the
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spectrum density. (b) Output signal power spectral density.

LO has a similar phase noise compared with the transmitter.
However, at lower offset frequency (<100 KHz), the LO
shows worse phase noise performance, which is caused by
the inferior flicker noise of the reference clock used in the
receiver. Using a signal analyzer, the output voltage noise
spectrum density of one detector cell is measured with the
transmitter chip turned off. As shown in Fig. 29(a), the noise
density from 10 to 100 kHz is almost flat with a value of
around 6.8 1V /+/Hz. Beyond 200 kHz, the noise starts to get
filtered out by the baseband filter. With a 15 cm transmitter-
to-receiver distance, the measured output signal PSD is shown
in Fig. 29(b). Since the phase noise of both RF and LO will
be transferred into the output after mixing, the close-in phase
noise of the output is limited. As a result, the signal power
is spread within the 90 kHz bandwidth. However, due to the
high sensitivity of the detector cells, the output still has a
peak 28 dB higher than the noise floor. To get better use of
the output signal power, it is integrated from 10 to 100 kHz
to get an output rms voltage. The output rms voltage as well
as the detector cell received RF power at different distances
is shown in Fig. 30(a). A —20 dBV/dec slope is observed
for the output rms voltage, which matches the theory of
heterodyne detection and is different from the —40 dBV/dec
slope observed in conventional incoherent detectors [24]. This
is one of the factors that give rise to much higher sensitivity
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for the heterodyne detectors. There are two ways to obtain the
detector cell received RF power. The first method is to use the
setup in Fig. 21(b) to measure the power density at a certain
distance and then calculate the power P, a detector cell could
receive if the receiver chip is positioned there

Peal. Pea.

' ApomL Are GhomL
where Pcy. is the measured power with the calorimeter,
Aporn and Gpom are the aperture size and gain of the horn
antenna used, respectively, L is the loss of the additional
WR-10 section and WR-10-3.4 taper, and A,, and G, are the
aperture size and gain of the receiver on-chip patch antenna,
respectively. The second way is to use the Friis equation to
calculate the RF power one detector cell can receive

P, D y) 2
_ %Apatch: (m) Pout,ix Dix G rx 4)

where Poyix and D are the output power and directivity
of the transmitter, respectively, d is the transmitter-to-receiver

Grx 3)
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ID card with a metallic “UNIC” symbol attached to it (150 x 66) pixels.

distance, and G, is the gain of the receiver antenna. In our
measurement, we adopted the first method and verified the
results with the second method. The results are consistent with
only minor differences. Assuming a 50 Q impedance for the
RF signal, a conversion gain from the received RF rms voltage
to output rms voltage can be calculated using

Vrms

VP50 Q

where Vg is the output rms voltage and P, is the received
RF power. The conversion gain at different distances is shown
in Fig. 30(b). The averaged conversion gain is 31.0 V/V.
To compare with incoherent detectors, an equivalent inco-
herent responsivity is defined as the responsivity that an
incoherent detector needs to generate the same output rms
voltage with the same received RF power. This equivalent
responsivity can be derived with [24]

G, = )

7T Vims

NoY

The receiver equivalent responsivity at different distances is
also shown in Fig. 30(b). It is observed that as the received
power decreases, the receiver equivalent incoherent responsiv-
ity increases. This also reflects the effectiveness of enhancing
detection sensitivity using heterodyne detection. To make a
fair comparison between coherent and incoherent imagers,
a sensitivity is defined as the received RF power for the
output signal to have SNR = 1 within a 1 kHz bandwidth
(corresponding to 1 ms time constant for fast imaging). The
sensitivity of the proposed receiver is calculated to be 70.1 pW,
which is around ten times better compared with other state-of-
the-art silicon detectors (as shown in Table III). The sensitivity
enhances even further with a larger bandwidth (about 20 times
for 10 kHz bandwidth and 70 times for 100 kHz bandwidth)
corresponding to faster imaging. The measured conversion
gain and sensitivity for all the eight detector cells are shown
in Fig. 31. Thanks to the highly symmetrical LO distribution
network, the performances of the detector cells are quite
uniform.

N, =

(6)

C. Imager Experiments

To put the transceiver into real use, a transmission mode
terahertz imager is built up as shown in Fig. 32, which is
composed of the transceiver chips, four Teflon lenses, and a
mechanical stepper. The first two Teflon lenses are used to
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TABLE I
PERFORMANCE SUMMARY OF THE TRANSMITTER

Output Frequency Range 319.04 ~ 322.95 GHz

Peak Radiated Power 2 mW
EIRP 21.1 dBm
Directivity 18.0 dBi
Peak Radiator Efficiency 0.41 %

-67.4 dBc/Hz @ 100KHz offset
-66.8 dBc/Hz @ 1MHz offset
-87.2 dB¢/Hz @ 10MHz offset
433 mW (Radiator Array)
172 mW (PLL)

Phase Noise

DC Consumption

TABLE 11
PERFORMANCE SUMMARY OF THE RECEIVER

LO Tuning Range 152.5 ~ 164.8 GHz

Antenna Gain 22 dB

Output Voltage Noise 6.7 uV/v/Hz @ 100KHz
RF-to-Output Conversion Gain 31.0 VIV
Equivalent Incoherent Responsivity > 7.26 MV/W
Sensitivity ! 70.1 pW

41.6 mW (Detector Array)

DC Consumption 75.5 mW (PLL)

1. At an assumed bandwidth of 1 kHz.

focus the terahertz beam generated by the transmitter chip and
form a focal plane. The two Teflon lenses on the receiver side
are used to refocus the transmitted beam in order to increase
the power that could be received by the receiver chip. The
mechanical stepper is used to move the object on the focal
plane for scanning. With this imager, a few terahertz images
are formed, as shown in Fig. 33.

VI. CONCLUSION

The performances of the proposed transmitter and receiver
chip are summarized in Tables I and II, respectively. The
transmitter chip achieves a peak radiated power of 2 mW and
a peak EIRP of 21.1 dBm with a total dc power consump-
tion of 605 mW. The receiver chip achieves an equivalent
incoherent responsivity of more than 7.26 MV/W and a
sensitivity of 70.1 pW under an integration bandwidth of
1 kHz. The total dc power consumption of the receiver chip is
117 mW. A comparison with other terahertz imagers is given
in Table III. It can be seen that under the 1 kHz integration
bandwidth, the proposed coherent imager can achieve around
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TABLE IIT
COMPARISON WITH PREVIOUS STATE-OF-THE-ART WORKS

References Technology Frequency | Array Size Responsivity Sensitivity® Coherent Sensing
0.28 TH 4x4 336 V/w! 917 pW?
9] 130-nm CMOS z % P No
0.86 THz | single pixel 273 V/W! 1.33 nW7
[10] 180-nm SiGe 0.32 THz 4x4 18 kV/W? 1.08 nW7 No
[11] 65-nm CMOS 0.86 THz 32%32 140 kV/W3 3.16 nW7 No
[18] 130-nm SiGe 0.26 THz 4x4 2.6 MV/W* 250~278 pW7 No
This Work 130-nm SiGe 0.32 THz 8 cell array | >7.26 MV/W° 70.1 pW7 Yes
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1. 24 dB on-chip amplifier gain is de-embeded.

3. On-chip readout circuit gain and 5 dB off-chip VGA gain included.

2. 22 dB amplifier/buffer gain included.
4. 33~57.5 dB VGA gain included.

5. The equivalent resonsivity of the coherent detector is defined as: the responsivity an incoherent detector needs to

enerate the same output rms voltage with the same received power level. 60 d

baseband gain included.

6. The sensitivity is defined as the input power level for the output signal to have SNR=1 within 1 kHz bandwidth.
7. Assume noise spectrum density is flat within the 1 kHz bandwidth.

ten times better sensitivity compared with other state-of-the-art
incoherent ones. Using the PLL-based architecture, no off-chip
high-frequency high-power sources are needed. To our best
knowledge, this paper demonstrates the first fully integrated
coherent terahertz imaging transceiver on silicon.
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