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P S

Abstract: In this work, we present a transceiver front-end in SiGe BiCMOS technology that can
provide an ultra-wide bandwidth of 100 GHz at millimeter-wave frequencies. The front-end
employs a novel configuration for low-loss distribution of broadband generated pulses as well as
coherent spatial combining of received pulses. This leads to the realization of a fully integrated ultra-
high-resolution imaging chip for biomedical applications. We realized an ultra-wide imaging
bandwidth of 100 GHz by the integration of two adjacent, disjointed frequency sub-bands of 10-50
GHz and 50-110 GHz respectively. The transceiver front-end is capable of both transmit (TX) and
receive (RX) operations. This is a key building-block for a scalable system in which a unit cell is
repeated in the X and Y directions resulting in less power and area consumption. The imaging
elements were designed and fabricated in Global Foundry 130-nm SiGe 8XP BiCMOS process
technology.

Keywords: millimeter-wave imaging; transceiver; circuit; biomedical imaging; ultra-wideband;
CMOS

1. Introduction

Millimeter-wave imaging systems are commonly used for military and commercial applications,
such as detecting hidden threats, security and surveillance, and non-destructive testing [1]- [6].
Recently, a study by our group found that there are significant differences in the millimeter-wave
dielectric properties of normal skin and two common types of skin cancer, basal cell carcinoma and
squamous cell carcinoma [7]. The study involved collecting 101 skin tissue samples from skin cancer
patients and recording reflection coefficients using a millimeter-wave network analyzer over a
frequency range of 0.5-50 GHz. The differences observed in the dielectric properties between the
cancerous and normal skin were statistically significant and were more pronounced for squamous
cell carcinoma. These findings suggest that millimeter waves could be a valuable tool for diagnosing
skin cancer.

While millimeter-wave imaging (MMWI) systems have the potential to provide advantages in
detecting cancer due to their high image contrasts, they are not typically used for this purpose
because they do not offer sufficient resolutions for imaging biological tissues. To address this
limitation, our research group has proposed a new imaging approach "Synthetic Ultra-Wideband
Millimeter-wave Imaging," which greatly improves the resolution of MMWI systems [8]. As shown
in Figure 1 (a), this approach involves combining several neighboring imaging sub-bands to create
an ultra-wide imaging bandwidth. Each sub-band contains an antenna that operates only within that
specific sub-band. These sub-band antennas are placed in front of the target over the scanning
aperture, transmit their signals, and record the backscattered responses. The response signals are
then integrated using a signal integration algorithm to synthesize an integrated, ultra-wideband
signal.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In a separate investigation, we created an imaging system that boasts a remarkably wide
bandwidth of 98 GHz through the use of the synthetic ultra-wideband millimeter-wave imaging
approach [9], [10]. The system design, which merges four adjacent sub-bands to form an ultra-
wideband signal, is shown in Figure 1(b). A measurement platform that can scan tissues across a
rectangular aperture plane was created to automate the process. An innovative imaging algorithm
was also developed to process the signals and create an image of cancerous tissue in the frequency
domain. The image is formed using a reflectivity function, which is the ratio of the reflected to
incident fields.
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Figure 1. (a) The synthetic ultra-wideband millimeter-wave imaging approach. (b) MMWI system for
skin cancer imaging, realizing an overall synthetic bandwidth of 98 GHz. At each scanning step, four
sub-band antennas are successively placed in front of the target to transmit their signals in their
respective sub-bands and record the backscattered signals. The scanning process is performed
automatically using a motorized stage in conjunction with two drivers, a computer with LabVIEW,
and a data acquisition (DAQ) device which generates the digital control signals from the computer
[9]-[10].

Although the ex-vivo imaging setup was sufficient for initial experiments, it was not practical
for in-vivo imaging due to the lengthy measurement time. To address this issue, the number of sub-
band antennas was reduced to two, allowing for a much faster imaging process of less than 20
seconds. This led to the development of a real-time imaging system for in-vivo skin cancer diagnosis
[11]. The system was tested on 136 benign and malignant skin lesions from 71 patients, with lesions
classified using a 3D principal component analysis and five different classifiers. The results showed
that the best classification was achieved with five PCA components followed by multilayer
perception, with a sensitivity of 97% and specificity of 98% [11]. These findings demonstrate that real-
time millimeter-wave imaging can accurately distinguish between malignant and benign skin lesions,
making it a promising diagnostic tool. The Institutional Review Board (IRB) at the Research Integrity
Office of Hackensack University Medical Center (Hackensack, NJ, USA; Protocol# Pro2019-0219)
approved this research. The imaging procedures and experimental protocols were conducted in
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accordance with the guidelines of the Hackensack University Medical Center's Institutional Review
Board (IRB). Before taking measurements, each patient provided written informed consent [11].

2. Problem Statement

Imaging and communication systems can leverage the wide bandwidths available at millimeter-
wave frequencies to achieve high-resolution imaging and high-speed communication [12]. Over the
past decade, several groups have reported silicon-based millimeter-wave imaging systems for
biomedical applications with the goal of achieving high resolutions, large image ranges, and short
acquisition times [13], [14]. However, prior to this work, there existed no imaging chip in the literature
with the capability of providing sufficient resolutions for the visualization of biological tissues. In
wideband imaging applications, the resolution is directly proportional to the system bandwidth [15].
It has been suggested that an ultra-wideband millimeter-wave imaging bandwidth of approximately
100 GHz is needed for attaining sufficient resolutions in images of the human skin tissue [15].

In [16], we presented three integrated pulse generators that can collectively provide a synthetic
ultra-wide imaging bandwidth of 100 GHz in the millimeter-wave regime. The pulse generators
produce pulses with frequency ranges of 1040 GHz, 40-75 GHz, and 75-110 GHz. By this
development, a fully integrated ultra-high-resolution imaging chip can be developed using the
synthetic ultra-wideband millimeter-wave imaging method. In this work, we design a transceiver
front-end that employs the mentioned imaging approach towards the realization of a fully integrated
ultra-high-resolution imaging chip for biomedical applications. We realized an ultra-wide imaging
bandwidth of 100 GHz by the integration of two adjacent, disjointed frequency sub-bands of 10-50
GHz and 50-110 GHz respectively. The imaging elements were designed and fabricated in a Global
Foundry 130-nm SiGe BiCMOS process technology.

The synthetic ultra-wideband imaging chip is schematically shown in Figure 2. As seen in this
image, each sub-band includes a separate imaging transceiver which operates only within that
specific sub-band. Using the transceivers with the embedded phased-array capability, the sub-band
antenna beams can be electronically steered to scan the entire region of interest. The received IF
signals are filtered and delivered to the image reconstruction module. In this module, an integrated
signal is synthesized over the entire bandwidth and a 3D image is formed.
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Figure 2. The schematic diagram of the synthetic ultra-wideband millimeter-wave imaging approach.

Three sub-band transceivers transmit their signals in their respective sub-bands and receive the
backscattered signals. The received sub-band signals are then filtered and delivered to the image
reconstruction module.

The inset of Figure 2 displays the schematic of each sub-band transceiver, consisting of 4x2
elements. Each element includes a programmable delay line which controls the radiation timings for
coherent combination of the broadband pulses. On-chip antennas are used to eliminate the power
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loss and phase distortion caused by connections to off-chip antennas. In addition, each antenna is
used for both radiation/reception of the waves towards/from the target, respectively. The following
sections provide a discussion on the system architecture, the design details of the key building blocks
of the front-end, including the pulse generator, multiplier, low-noise amplifier (LNA),
transmit/receive (T/R) switch, and on-chip antennas. We then present the characterization results of
the simulated and fabricated chips.

3. System Design

The synthetic-aperture radar (SAR) method is commonly used for creating three-dimensional
(3D) reconstructions of objects in millimeter-wave imaging studies. However, scanning over a 2D
aperture plane increases the size of the system and is not practical for silicon-based systems. In this
study, electronic beamforming is used to scan the target region instead. The use of beamforming and
beam-steering capabilities improves the range and signal-to-noise ratio (SNR) of the system.

The transceiver front-end is designed for both transmit and receive operations shown in Figure
2. This is a crucial component for a system that can be expanded by repeating a single unit cell in both
the X and Y directions.

Figure 3 shows the front-end schematic of an array element. The front-end consists of key
building blocks, including a pulse generator, a multiplier, an LNA, a T/R switch, and an on-chip
antenna in silicon. Separate circuits need to be designed for each component corresponding to the
two frequency sub-bands of 10-50 GHz and 50-110 GHz.

Matching
Network

EBESIR

Figure 3. Schematic of an array element. The digital trigger is passed through a programmable delay

=

generator. The element also includes a pulse generator, a multiplier, a low-noise-amplifier (LNA), a
transmit/receive (T/R) switch, and an on-chip antenna.

In this work, a pulse-radiating approach is adopted because it provides a wider relative
bandwidth and higher image resolution compared to continuous-wave radiators [17]. A delay
generator is used to control the timing of the digital signal based on the supply voltage. As
demonstrated in Figure 3, the digital trigger is passed through a programmable delay generator,
which is a series of inverter stages that control the timing of the digital signal based on the supply
voltage. In transmit mode, the pulse generated by the pulse generator is delayed and transmitted
through an antenna, while in receive mode, the front-end receives the backscattered signal, which is
mixed with the delayed version of the pulse.

The design of each of the key building blocks is described in the following sections.

3.1. Pulse Generator

The pulse generators designed in this work adopt a pulsed-VCO-based system architecture
inspired by our previous work [16]. The pulse generators convert the input signal to generated pulses
with accurate timing, which is required for coherent pulse combining. An asymmetric cross-coupled
topology is used to minimize the timing jitter of the radiated pulses and achieve a coherent
combination. This results in a significant reduction in power consumption, system complexity, and
die area. The pulse generators are designed to produce pulses with full-width-at-half-maximums
(FWHM) of 14 ps and 10 ps for the two sub-bands of 10-50 and 50-110 GHz, respectively.
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Figure 4 (a) shows the complete schematic of the pulse generator, consisting of a current spike
and an asymmetric cross-coupled pulsed VCO topology. When the spike current is high enough to
create a negative resistance at the collector terminals of Q1 and Q2, the VCO is turned on. A Schmitt
trigger feeds the current spike circuit.
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Figure 4. The schematic of (a) the pulse generator in this work, consisting of a current spike and a
pulsed VCO with asymmetric cross-coupled topology; (b) the LNA in this work, consisting of an
emitter-coupled pair with cascoded devices followed by two emitter-follower stages as buffers; and

Output

RF Input

(c) the wide-band correlator with multiplier, low pass filter, and a differential buffer.

3.2. On-Chip Antenna

To reduce feedline radiation, a broadband slot differential antenna is created that utilizes two
signals with equal amplitudes and opposite phases. When designing on-chip millimeter-wave
antennas, surface waves can be a concern as they can reduce antenna radiation efficiency. One
solution is to use a silicon lens [18], but this would limit the antenna's field-of-view. Another solution
is to optimize the thickness of the silicon substrate to increase radiation efficiency, and the on-chip
antennas are designed to radiate through the substrate due to the potential impact of wire bonds on
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topside radiation. Because of space limitations, the on-chip antennas are restricted to a maximum
dimension of 100 um. ANSYS HFSS, an electromagnetic simulator, is employed to simulate and
optimize the on-chip antennas.

3.3. Low-Noise Amplifier

We use a fully differential structure for the two sub-band low-noise amplifiers. The designed
LNAs are based on cascoded emitter-coupled pair design with resistive feedback [19]. They will have
small die areas by avoiding large on-chip spiral inductors. Figure 4 (b) shows the schematic of the
LNA, consisting of an emitter-coupled pair with cascoded devices followed by two emitter-follower
stages as buffers [19]. A current mirror is used to bias the cascode stage. The input and output are
differential as the LNA will be connected to the slot bowtie antenna and feed a Gilbert cell-type
analog multiplier directly without an unbalanced circuit. The symmetry of the emitter-coupled pair
is achieved by placing identical transistors and passive components in the two branches.

3.4. Mixer

Figure 4 (c) shows the schematic of the broadband analog correlator. At the core of the mixer, a
Gilbert-cell topology comprising two differential stages in parallel with a cross-coupled output is
complemented with a low-pass filter and a differential output buffer. The Gilbert cell acts similar to
a wide-band, four-quadrant true multiplier with a proper template pulse amplitude applied to the
switching quad. Biasing of the Gilbert-cell multiplier is accomplished with a stacked current mirror.
The combination of C1 with Re forms a capacitively-hunted resistive emitter degeneration,
compensating the gain roll-off at high frequencies, which in turn results in a necessary gain and group
delay flatness over the targeted frequency band. The low-pass filters are formed by the load resistors
of the Gilbert-cell (R1, R2) together with the shunt capacitors (C2, C3) of the buffers. They are used
to detect the envelope of the multiplied signals. The highest average power consumption of the sub-
band correlators is 30 mW.

4. Simulation Results

Figure 5 (top) shows the simulated pulses generated by the two sub-band pulse generators. The
normalized power spectrums are demonstrated in the bottom row of Figure 5. The simulated center
frequencies are close to the desired values (25 GHz and 80 GHz respectively) and the 3-dB
bandwidths are approximately 40 GHz and 60 GHz respectively.
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Figure 5. Simulated output pulses (top) and normalized power spectrums (bottom) of the (a) 10-50-
GHz and (b) 50-110-GHz pulse generators.


https://doi.org/10.20944/preprints202309.0712.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2023 doi:10.20944/preprints202309.0712.v1

The simulated performance of the sub-band LNAs as stand-alone breakouts is shown in Figure
6. In the transceiver front-end, the switch output drives the LNA input matching network (Figure 3).
Therefore, the LNA input-matching network is designed for the switch output rather than for a
resistance of 50 (). The simulated return loss (referred to 50 Q) is higher than 10 dB. This is due to the
different impedance that the LNA input in the breakout sees compared to the actual case with the
switch present.
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Figure 6. Simulated performance of the LNAs.

To demonstrate the suitability of the transceiver for imaging applications, a pulse train with 2
GHz repetition rate was fed into the transceiver corresponding to the first sub-band (10-50 GHz). The
simulated pulse train can be seen in Figure 7 (a). The received signal is shown in Figure 7 (b). The
responses of the antenna and the channel are included in the received signal. To characterize the
correlation performance, the output of the receiver section is connected to an active low-pass filter
with a 3-dB corner frequency of 20 KHz. The simulated cross-correlation of the received pulses with
the template pulses is given in Figure 7 (c). A key constraint of the proposed tiled sub-band front-end
approach is the limitation of the front-end size. All sub-band front ends must be integrated in an
area smaller than 1.5 mm by 1.5 mm to ensure the spacing of 1.6 mm (~ A/2) between sub-band front
ends while allowing sufficient area for signal combination and distribution among the tiles. The
compact imaging front-end designed in this work enables scalable arrays with inter-element spacing
by providing dual transmit and receive capability.

The preliminary results of the design are described in our paper [20].
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Figure 7. (a) Simulated output pulse. (b) Simulated received pulse directly after the antenna. (c)
Normalized cross-correlation of the received pulse with template pulses.

5. Fabrication

The imaging chip was fabricated in a 130-nm SiGe BiCMOS (8XP) process technology (ft/fmax =
200/265 GHz). A micrograph of the chip, which occupies 1 mm X 1 mm die area, is shown in Figure
8 (a). The fabricated chip is mounted on a piece of undoped silicon slab that is glued to the backside
of a Roger 4350B PCB, which has a cut-out, to couple the radiation from the chip substrate to air. Gold
wirebonds are used to connect the on-chip pads to PCB traces as shown in Figure 8 (b).
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Figure 8. (a) Chip micrograph and (b) chip assembly.

The imager chip is characterized in both time and frequency domains as demonstrated in Figure
9 (a) and Figure 9 (b), respectively. The trigger signal is generated by a pulse generator. An SIW-
based Vivaldi antenna that we had previously developed [21] was used as a receiving antenna. A
harmonic mixer was used to down convert the high frequency components of the received signal to
lower frequencies at which the spectrum analyzer operates. Due to the limited frequency range of the
harmonic mixer (75-110 GHz), the frequency-domain characterization was only performed for the
second sub-band (50-110 GHz).
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Figure 9. Measurement setup for (a) time- and (b) frequency-domain characterization of the fabricated
chip.

Figure 10 (a) presents the measured pulse waveform for the second sub-band with a FWHM
pulse width of 13 ps. Its average equivalent isotropically radiated power (EIRP) frequency spectrum
is demonstrated in Figure 10 (b). As shown in this figure, the radiated pulse has an average EIRP of
0.3 dBm at the center frequency of 75 GHz with a 5-dB bandwidth of nearly 50 GHz. Since the radiated
pulse train has a duty-cycle of nearly 25%, the peak EIRP can be estimated to be 4 times larger (6 dB
larger) than the measured average EIRP, equaling 6.4 dBm. The difference between the measured and
simulated center frequencies (75 GHz and 80 GHz respectively) arises from the effects of the package
PCB, variations of the additional silicon slab thickness, and process variations. The chip consumes an
average dc power of 194 mW.
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Figure 10. (a) Measured pulse waveform for the second sub-band with 13-ps FWHM pulsewidth. (b)
Measured EIRP spectrum for the second sub-band (50-110 GHz).

The above-mentioned characterizations validate that the proposed imaging chip is capable of
transmitting and receiving ultra-wideband signals at millimeter-wave frequencies with low power
consumption and high precision. Further evaluation will include radiation pattern measurements to
evaluate the beam steering resolution performance.

6. Conclusion and Future Plans

In this work, we built upon our previous work in [16] and designed a transceiver front-end that
employs the synthetic ultra-wideband millimeter-wave imaging approach towards the realization of
a fully integrated ultra-high-resolution imaging chip for biomedical applications. We realized an
ultra-wide imaging bandwidth of 100 GHz by the integration of two adjacent, disjointed frequency
sub-bands of 10-50, 50-110 GHz respectively. The imaging elements were designed and fabricated
in a Global Foundry 130-nm SiGe BiCMOS process technology. As discussed in Section 1, the imaging
chip developed in this work promotes a dual-mode operation of receivers and transmitters. This
provides greater repeatability, improved system power consumption and system integration. There
are, however, a few characteristics of the designed imaging chip, specifically on the on-chip antennas
side, that will be improved in the future for having a more efficient imager. Several on-chip antenna
structures were studied in the literature to improve their performance in the face of potential
challenges in the chip environment [23]-[26]. These will be evaluated and the best solution for our
application will be selected.

In the future, we aim to assemble a prototype handheld imager comprising the imaging chip
developed in this work. The imager will also include a digital signal processor (DSP) to measure,
control, and process continuous signals in the frontend module. The DSP will also execute the image
reconstruction algorithm. Figure 11 shows the rendered image of the compact, handheld imaging
device we envision. A display connected to the handheld housing and the processor, a switch
connected to the processor, and a rechargeable power source connected to the handheld housing are
also other components of the device.

Imaging Chip

Figure 11. The rendered image of the compact imaging device to be completed during our Phase II
research. .

Data availability statements: The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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