ﬁ IEE!:' Journal of
& Microwaves

MHz to THz Community

Received 11 February 2024; revised 14 June 2024 and 29 September 2024; accepted 4 December 2024.
Date of current version 9 January 2025.

Digital Object Identifier 10.1109/JMW.2024.3516476

TX to RX Compact Leakage Cancellation
Impedance Tuner for 60 GHz
Monostatic Doppler Radar

AHMAD MUSHTAQ

1, THOMAS MAUSOLF2, WOLFGANG MIESCH!, NASIR UDDIN' (Member, IEEE),
WOLFGANG WINKLER! (Member, IEEE), AND DIETMAR KISSINGER

3 (Fellow, IEEE)

(Regular Paper)

"Indie Semiconductor, 15236 Frankfurt, Germany
2IHP, Circuit Design Department, 15236 Frankfurt, Germany
3Institute of Electronic Devices and Circuits, Ulm University, 89069 Ulm, Germany

CORRESPONDING AUTHOR: Ahmad Mushtaq (e-mail: ahmad.mushtaq@indiesemi.com).

This work was supported by the German Federal Ministry of Education and Research under Grant BMBF FKZ: 13GW 0295.

ABSTRACT Monostatic radar shares a single antenna between the transmitter (TX) and receiver (RX) and
offers an advantage of the reduced sensor size. However, due to the limited isolation of the coupler, the TX
signal leaking into the RX significantly degrades the performance of the monostatic doppler radar. This paper
presents the design of an ultra-compact impedance tuner (IT) which is connected to the lumped Rat-Race
coupler to minimize the TX to RX leakage signal. The IT offers 5-bit phase control and 8-bit magnitude
control via the Serial Peripheral Interface (SPI); moreover, it uses SiGe transistors in reverse saturation to
enhance the impedance tuning performance. The size of the IT is only 0.04 mm? and its power consumption
is 4 mW at 3.3V power supply. A two-channel 60 GHz monostatic doppler phased array radar chip has been
designed and fabricated in 130 nm SiGe BiCMOS technology for vital signs monitoring application. The
measured TX to RX isolation due to the Rat-Race coupler is 22 dB; moreover, IT provides the additional
isolation of 27 dB, giving total TX to RX isolation of 49 dB at 60 GHz. The design, simulation and
measurements of the IT and its measured leakage cancellation performance is reported in this paper.

INDEX TERMS Doppler radar, flicker noise, impedance tuner, leakage cancellation, monostatic radar,

phased array radar, vector modulator, vital signs.

I. INTRODUCTION

Continuous Wave Doppler Radar (CWDR) has a simple ar-
chitecture, high sensitivity and is a preferred choice for the
applications where only a small relative displacement of the
target needs to be measured i.e., human chest motion due
to cardiorespiratory activity [1]. In addition to the respi-
ration and heartbeat rate measurements of the person via
CWDR; it is very desirable to measure the heart sound to
recognize the R-wave and T-wave as measured in the ECG
signals [2]. This gives better estimation of the person’s heart
rate variability and can be used in the early diagnosis i.e. to
detect the obstructive sleep apnea in the non-contact fashion
during the sleep. The chest motion because of the respi-
ration and the heartbeat is approximately 1 cm and 1 mm

respectively but the heart sound generates the chest motion
which is typically less than 30 um [2]. That’s why the
detection of the heart sound requires a very sensitive radar.
The high sensitivity in the CWDR to detect the heart sound
is achieved via high gain LNA to suppress the mixer flicker
noise and a high gain antenna to focus the beam precisely
on the human torso. For practical reasons, the antenna beam
should be steerable to adapt according to the different hu-
man body positions in the long-term vital sign monitoring
e.g. over the night vital sign monitoring when the subject is
sleeping. This can be achieved via the phased array radar.
To reduce the number of antennas and the sensor size; a
monostatic solution is desirable. In monostatic radar, trans-
mitter (TX) and receiver (RX) share a single antenna and
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FIGURE 1. Monostatic phased array doppler radar IC block diagram.
Impedance Tuner (IT) is connected to the 4-port coupler and acts as
leakage cancellation circuitry (LCC).

isolation between them is provided via a coupler, as shown
in the Fig. 1. However, integrated coupler provides limited
isolation which leads to the problem of TX to RX leakage.
In the presence of a high gain LNA, the TX leakage signal
saturates the receiver degrading the signal to noise ratio (SNR)
significantly.

Significant research work has been published in the last
decade to solve the problem of TX to RX leakage or
self-interference by integrating a leakage cancellation cir-
cuitry (LCC) on the chip [3]. If the TX leakage signal is
Apcos(2r ft +0), the goal of LCC is to generate a leakage
cancellation signal of the same amplitude but the opposite
phase Apcos(2m ft + 60 + m) and add it to the TX leakage
signal at the RX input. In this way, the net leakage signal is
ideally zero, as shown in Fig. 1. Thus, the function of LCC is
to provide additional TX to RX isolation on top of the limited
coupler isolation. This additional isolation provided by LCC is
called leakage cancellation depth (LC depth). In [4], [5], [6];
LCC consists of a variable gain amplifier (VGA), a variable
phase shifter (VPS) and two couplers. A small amount of
TX signal is coupled via the first coupler; its amplitude and
phase are varied by the VGA and VPS respectively to get the
desired leakage cancellation signal; and finally, the signal is
coupled at the RX input via the second coupler to get ideally
zero net leakage signal. In [7], [8], [9]; a similar topology is
used as LCC; however, VGA and VPS are replaced with a
Vector Modulator (VM) or In-phase Quadrature (IQ) Modu-
lator. On the one hand, VGA and VPS based or VM based
LCC topology is not compact and takes large chip area; and,
on the other hand it also increases the power consumption
of the chip. In multi-channel radar system, each channel re-
quires its own LCC, exacerbating the problem of chip area
and power consumption. In [10], a compact digital Impedance
Tuner (IT) is used as LCC along with Quasi Circulator (QC).
The designed QC provides good isolation if the digital IT
is tuned to provide the same impedance as seen by the QC
output port i.e. impedance of the antenna. This LCC topology
is very compact and has negligible power consumption; how-
ever, leakage cancellation depth is limited because digital IT
only provides 3.3-bit phase resolution (10 phase states) and

VOLUME 5, NO. 1, JANUARY 2025

2-bit magnitude resolution. To overcome the limited resolu-
tion of digital IT, advance algorithm for controlling the digital
IT is used in the paper [11] with good leakage cancellation
results.

In this work, to connect the TX and RX to a single an-
tenna, a compact lumped 4-port Rat-Race coupler has been
used with one port terminated with compact high-resolution
IT as shown in Fig. 1. IT acts as LCC and magnitude and
phase of the IT can be controlled via the SPI interface with
8-bit and 5-bit resolution respectively. The part of TX signal
reflected from the IT generates the leakage cancellation signal,
which adds vectorially to the TX leakage signal at the RX
input and provides the opportunity to cancel the TX leakage
signal via destructive interference. The paper is organized as
follows. Section II briefly describes the chip architecture and
SNR improvement possibility because of LCC. Section III
explains the design, analysis and simulation results of the IT.
In Section IV, measured leakage cancellation performance of
the IT is described. Conclusions are presented in Section V.

II. CHIP ARCHITECTURE

Fig. 1 shows the block diagram of the two-channel 60 GHz
monostatic phased array radar IC. The TX path of each chan-
nel consists of a vector modulator (VM) and a power amplifier
(PA). VM enables the beam steering capability in the TX
mode and controls the TX output power. RX path consists
of high gain LNA and IQ receiver. Beam steering in the RX
path is achieved via digital beamforming. The TX to RX
isolation is provided via a compact single transformer based
lumped Rat-Race coupler [12]. Integrated coupler can only
offer limited isolation between the TX and RX. Moreover
bond-wire or package inductance and non-ideal 50 €2 antenna
impedance at the coupler output port exacerbates the problem
at hand. To mitigate the TX leakage into RX, IT is connected
at the coupled port of the 4-port coupler; and, controlled via
the SPI interface to generate the leakage cancellation signal at
the RX input. Additionally, the chip integrates an injection
lock oscillator so that multiple chips can be cascaded, if re-
quired, to increase the number of channels in the phased array
operation [13]. Fig. 2 shows the chip photograph fabricated in
130 nm SiGe BiCMOS technology. The compact 1-D geom-
etry of IT is easily placed between the TX and RX of each
monostatic radar channel. Fig. 3 shows the IT block diagram.
The IT has a single port ( P;7) which is connected to the
coupler port P3. The IT concept will be explained in detail
in Section III.

The vital sign signals i.e. heart beat and heart sound are
very low frequency signals and located very close to DC in
the CWDR receiver output. In our application, the chosen
bandwidth of interest for the detection of the heart sound is
1 Hz-100 Hz. The low frequency spectrum at the receiver
output is dominated by the mixer flicker noise and its rms
value is given by (2).

— 2 2 2
Un—rtoral = \/Uf—mixer + Ut h—mixer + Vih—LNA (1
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FIGURE 2. Two-channel 60 GHz phased array doppler radar chip with LCC.
Chip size: 2.1 mm x 1.8 mm.
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FIGURE 3. (a) IT connected to the coupled port. (b) Simplified block
diagram of IT. (c) Equivalent model when TARn is active.

bn =13 RTUNE

Uf—mixer = €nf In |:]}_IZi| (2

Vth—mixer = NFnixer Gmixerv KTR(fu — f1)
Vin—1NA = NFina Gina Gixerv KTR(fu — f1)

|IScoupler| > PA()ut + GLNA - IPldB—mixer
|IScaupler| > 10dB + Grna (3)
e,r = 1.1 uV is the normalized flicker noise at 1 Hz output
frequency, fy = 100 Hz and f; = 1 Hz are the upper and
lower limits of the frequency region of the interest. The total

rms noise voltage at the receiver output v,y can be written
as (1). vp—rna and  vyp_pmixer glVEe rms noise contribution
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FIGURE 4. Receiver output RMS noise within the bandwidth 1 Hz- 100Hz
and increase in the SNR with respect to the LNA Gain.

at the receiver output due to the LNA and mixer thermal
noise respectively. K is the Boltzmann constant, 7 is the
temperature in Kelvin, R = 50 Q2 is the input resistance of
the LNA and mixer, NFyya = 5.5 dB is the noise figure of
the LNA, NF,ixr = 15.5 dB is the noise figure of the mixer
considering only its thermal noise, Gixer = 10 dB and Grya
is the mixer voltage conversion gain and LNA gain respec-
tively. In the desired bandwidth f7 to f, mixer flicker noise
dominates and total rms noise V,_joral A Vy—mixer- Mixer
thermal noise v;,—mixer 18 orders of magnitude lower than
Vr_miver Whereas vi,_yna depends on the LNA gain. Fig. 4
plots the v, ;o from (1) with respect to the LNA gain. For
a comparison purpose, V,_;qq at the receiver output is also
directly simulated with the help of a commercial circuit simu-
lator and plotted in the same graph. It can be seen that v,y
stays almost constant till the LNA gain is increased to 30 dB.
Since the output signal power increases linearly with respect
to the LNA gain, the SNR of the output signal also increases
linearly with the LNA gain till v;;_;y4 becomes comparable
t0 Vf_pixer- Therefore, the high gain LNA can be used to
suppress the effect of the mixer flicker noise and increases the
SNR of the CWDR significantly for the vital sign detection
applications.

However, the TX power leaking to RX is amplified by the
LNA gain and can saturate the mixer; so, high gain LNA
demands better coupler isolation ( IScouper) given by (3).
PA,u: = 10 dBm is the PA output power and 1P 145_miver =
0 dBm is mixer input 1 dB compression point. Integrated
couplers in the mm-wave frequency range offer limited isola-
tion of 15-20 dB in the presence of bond-wire and non-ideal
50 €2 antenna impedance thus limiting the gain of the LNA to
approximately 10 dB. To increase the SNR by using high gain
LNA, it is required to increase the coupler isolation. For 30
dB LNA gain, the coupler isolation IS, should be more
than 40 dB. This is achieved by the addition of the impedance
tuner at the coupled port of the 4-port coupler.

I1l. DESIGN AND ANALYSIS OF IMPEDANCE TUNER

A. CONCEPT

The concept of IT is shown in Fig. 3. The IT consists of a high
impedance transmission line (TL) of length [I7r; with Lyp
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inductance per meter and Cry capacitance per meter [11].
The TL is divided into n,,,, = 31 equal length sections each
having length of [;. A high quality funable active resistor
(TAR) consisting of SiGe HBTs is connected at the beginning
of each TL section. The TL is terminated with Rt (50 )
resistor in parallel with an additional TAR. The TAR-n (0 <
n < Ry + 1) can be turned on/off digitally via SPI by con-
trolling the bit b,. At any given time, maximum one TAR is
allowed to turn on via 5-32 bit digital decoder. Here n =0
implies that no TAR cell is active and this is done via the
enable pin of the 5-32 bit decoder i.e. BS5 in Fig. 3(b). In the
ON-state TAR can be modelled as a resistor Rpyyg and in
the OFF-state as a capacitor Crar as shown in the Fig. 3(c).
The resistance value of TAR in the on-state Ryyyg is con-
trolled by 8-bit ( Ag — A7) bias current control via SPI. The
characteristic impedance Zjy of high impedance TL in the
presence of connected TAR cells is given by (4). The parame-
ters are chosen such that Zy = 50 Q. To drive the expression
of reflection coefficient I'jy at the input port of the IT, con-
sider bit b, is active with TAR-n having resistance RrynE, as
shown in Fig. 3(c). The reflection coefficient I';y is given by
(5). The magnitude of I';y depends on RrynEg, which can be
controlled with 8-bit resolution via the SPI interface. Phase
of TI'jy depends on the position of the active TAR-n along
the TL. The phase resolution of the IT is given by i—’ETlS where
AE is the effective wavelength in the substrate considering
the slow wave velocity due to Crag. Smaller the [, better
would be the IT phase resolution. However, [ can’t be made
arbitrary small because of (4). For the TL parameters Lz and
Crr; the smaller the value of Crgg, smaller is the value of g
and better is the IT phase resolution. Moreover, (6) should be
satisfied to cover the full 360° phase coverage with IT.

Ltp
o= | —"T"7T— 4
Crr + Crar/Is
_idm
F'iv=TIne ])‘E(n Dls (I<n=<nmpux+1) O
Iiv=0 (n=0)
v = (Zol|RrunE) — Zo
(Zol|RTuNE) + Zo
4 4 )\E
Enmaxls = EITL >2r = lrp > 7 6)
B. DESIGN

The circuit concept was implemented and verified in the de-
sign of a 2-channel phased array radar transceiver. To satisfy
(6), the length I7;, of the transmission line in the design was
chosen to be 527 um and it is drawn on the top metal layer
of thickness 3 pm to minimize the signal loss. Metal GND
has not been drawn exactly below the TL but shifted 10 pm
to a side; moreover, width of the TL was chosen 2.4 um to
maximize L7 and minimize Cr; while maintaining good
production yield for relatively long TL. The layout of the IT
is shown in Fig. 5. The Lry and Crp values of the TL are
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FIGURE 5. Layout view of the IT. 32 TAR cells are connected to a 527 um
long transmission line. Position of the active TARn (1:32) determines the
phase, whereas resistance of the active TAR Rryne determines the
magnitude of the leakage cancellation signal. Position is controlled by
5-bit phase code (B, — B;) and resistance is controlled by 8-bit magnitude
code (Ao — A7) as shown in Fig. 3.

Poly emitter

SiGe Base

P° Substrate

FIGURE 6. Device cross section of a SiGe HBT.

(a) ()

FIGURE 7. TAR cell configuration. (a) Standard. (b) Reverse Saturated.

645 nH/m and 135 pF/m respectively and determined via
the EM simulator.

Fig. 7(a) shows a standard configuration for implementing
the TAR cell. The performance of this unit cell can be con-
siderably increased if the emitter is connected to the RF port
instead of the collector as shown in Fig. 7(b). This is because,
the emitter in the HBT device is physically isolated from the
p-substrate and offer much less capacitance but the n+ collec-
tor makes a pn junction with the substrate and offers relatively
large capacitance. The cross section of a high speed SiGe HBT
device is shown in Fig. 6 [14]. The topology is referred as
Reverse Saturated configuration in the literature [15]. It is im-
portant to mention that in both configurations, node ‘A’ should
be at DC ground potential which is achieved in this design
by connecting coupler port 2 to GND via inductor Li, see
Fig. 3(a). Additionally, this inductor resonates with the pad
capacitance at 60GHz and provides the bandpass response.
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FIGURE 8. Simulated comparison of OFF capacitance and OFF resistance
between Standard and Reverse Saturated TAR configurations.
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FIGURE 9. Simulated ON resistance Ryyne and I'y with respect to the bias
current Igjas.

Fig. 8 compares the OFF Capacitance and OFF Resistance
(i.e., when bias current Ipy4s is ‘0’) of the two configurations.
The capacitance offered by reverse saturated configuration
is half than that of standard configuration. Moreover, it also
offers advantage in terms of high OFF Resistance. To satisfy
(4), TAR with 3 fingers HBT having Crag value of 2 fF has
been used along with I; = 17 um. This provides the phase
resolution of approximately 11° at 60 GHz. Fig. 9 shows
the Rrynye and D'y with respect to the bias current Ipjas
for 3 finger HBT ( Np = 3) in standard and reverse saturated
configurations. The reverse saturated configuration also has
the advantage of lower ON Resistance Rryng; thus provid-
ing higher |I';y|. The Si; of the IT under different control
conditions can be written as (S{Tl) 1;4 where M = 0:255 is
the 8-bit magnitude control and P = 0 : 32 is the 5-bit phase
control. M is controlled via the bias current Igjas with SPI
bits Ag — A7 whereas P is controlled via SPI bits By — B4 as
shown in Fig. 3(b). For the sake of completion, it is important
to mention that the 5-32 bit decoder has an enable bit Bs.
P = 0 is defined as when Bs = 0. In this condition no TAR
cell is active i.e. (SH) i,[:O =0ie. 50 Q match via Rr7.
The (S11) F; simulation results for different values of M are
shown in Fig. 21(a). Note that maximum |I";y| reduces with
increasing P. This is because with increasing P, the active
TAR-n cell is further way from the IT input port P;r and
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hence RF signal must travel larger distance to reflect from
TAR cell increasing the two-way signal loss.

C. LEAKAGE CANCELLATION DEPTH

The Impedance Tuner has limited resolution i.e., 5-bit phase
resolution and 8-bit magnitude resolution. Because of the
limited resolution, the perfect leakage cancellation signal can
not be produced under all conditions. In this sub-section,
the possible worst-case leakage cancellation depth due to
the limited IT resolution will be derived. If the TX leakage
signal at RX input is A and imperfect leakage cancellation
signal is B having A¢ phase error and AA amplitude error;
then, the leakage cancellation depth AS(4, 1) (i.e., improve-
ment in the coupler isolation) can be written as (7) [7] and
plotted in Fig. 10. 5-bit phase resolution corresponds to ap-
proximately 11°phase step at 60 GHz. Hence, the maximum
possible phase error Ag¢y,.c Will be 5.5°. The leakage sig-
nal amplitude A and leakage cancellation signal amplitudes
B at RX input can be written as A = S41 Vpy and B =
S31 Sa3 Vpa (STHE, where ( S]])Y; magnitude can be changed
with 8-bit resolution. Using this information, maximum am-
plitude error % can be calculated as (8). Vpy is the PA output
signal.

AA
AS(4, l)adBZ 10 lOgl() {1 -2 (1 + T) COSA¢

(1422 )
A
AA 531 843 Vpa (ST max

= ~ 0.006 ®)
A 255 S41 Vpa

With 5-bit phase resolution and 8-bit magnitude resolution,
the Impedance Tuner (IT) should provide ~20 dB leakage
cancellation depth in the worst case according to Fig. 10. Mea-
sured LC-depth with respect to frequency has been plotted in
Fig. 19. The IT magnitude code ( M) and phase code ( P) have
been set at each frequency point to provide the best possible
LC-depth. The measurements are in good agreement with
the theory. This is additional isolation provided by the IT
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FIGURE 11. Simulated voltage noise density produced by IT (TAR cell
parallel with Ry = 50 2) connected to a noiseless 50 @ resistor (i.e.
coupler port 3 impedance, Fig. 12(b).
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FIGURE 12. Simplified circuit for noise analysis. (a) IT is OFF. (b) IT is ON.
TAR cell, modeled as Ryyne, produces shot noise.

because of the leakage cancellation on top of coupler own
isolation.

D. IMPEDANCE TUNER NOISE

The noise analysis has been detailed in the Section II. The IT
cancels the TX leakage signal at RX input and increases the
TX-to-RX isolation. This enables the use of high gain LNA
to suppress the mixer flicker noise. However, the IT shouldn’t
increase the noise floor at the RX input by adding its own
noise. Fig. 12(a) shows the simplified circuit when IT is off.
Noiseless resistor Ry = 50 €2 models the Rat-Race coupler
port 3 impedance whereas Rr = 50 is the termination
resistor which generates the thermal noise of voltage density
V4KTR7t. The voltage noise density at node “A”, when IT is
off, is equal to /KTR7 = 450pV/+/Hz because of voltage
division. Fig. 12(b) shows the simplified circuit when IT is
on where TAR cell is modelled as Rryyg. The voltage noise
density at node “A” with respect to bias current /45 is plotted
in Fig. 11 from the circuit simulator. It should be noted that
the voltage noise density is almost the same as it is when the
IT is switched off i.e., 450pV/+/Hz. Analytically, there are
now two dominant sources contributing noise at node “A”. The
voltage noise density due to R7 is v; given by (9). The second
noise source is TAR cell which is modelled as Ryyyg. Since,
node “A” is also at DC GND, base-emitter and base-collector
junctions are forward biased when Ipjas is applied; giving
equivalent Ry g resistor as a function of Ipj4s5. The voltage
noise density due to Rryyg is v given by (10). I, is the base
current and ¢ is the the charge of electron. The total noise at
node “A” is given by v; = /12 + »2. For Ipjas = 1 mA,
the values of [ is 250 uA and v; = 340 pV/\/H_z. To sum
up, IT doesn’t increase noise floor at the RX input by adding

VOLUME 5, NO. 1, JANUARY 2025

TABLE 1. Important TRX Parameters

Parameter Value
LNA Gain (GLNA) 20 dB
Mixer Gain (GrrxER) 10 dB
RX Gain (Grx) 30 dB
LNA Noise Figure (N Frna) 5.5dB
Mixer Noise Figure (N Friger) 155 dB
RX Input 1dB Point (I P1aB) -20 dBm
PA Output Power (Ppa) Fig. 13
15
g 57TGHz
EE 10 60 GHz =~ = 1
£
0 L L
0 100 200 300

TX Vector Modulator 8-bit amplitude control

FIGURE 13. PA output power control with TX vector modulator. The power
is measured at chip output Pad. The coupler insertion loss
1S(2, 1)| = 5.5 dB is compensated to calculate the PA output power.

its own noise.
RrunellRo

01 = JAKTRy )

(RrunellRo) + Rt
v =+/2q 1, . (RolIRTUuNE|IRT)

(10)

IV. MEASUREMENT RESULTS

Four different types of measurements are performed to vali-
date the IT design. In the first measurement, the TX to RX
leakage cancellation capability of the IT is measured. It was
concluded that IT reduces the TX leakage signal by 27 dB
at 60 GHz. In the second measurement, (SH)E/I of the IT
is indirectly measured at RX output and compared with the
simulation results at 60 GHz. In the third measurement, an
external signal of 60 GHz is provided as input to the chip
and RX IQ diagram is measured under three different cases
1) when the TX is off and there is no TX leakage signal to
degrade the RX performance 2) when the TX is on 3) when the
TX is on, and IT is configured to cancel the TX leakage signal.
A preliminary radar prototype is designed with the RF chips
wire-bonded on a RF board with 60 GHz antennas to further
validate the efficacy of the IT to mitigate the performance
degradation caused by TX to RX leakage.

Important transceiver parameters are given in Table 1.
Fig. 13 shows the measured PA output power control done
by the Vector Modulator (VM) in the TX path. For different
IT measurements, PA output power is set at different levels
in order not to saturate the RX and to operate it in the linear
region. Moreover, IQ RX has 1.8 dB and 7 © magnitude and
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phase imbalance respectively at 60 GHz, which is calibrated
for the measurements of the IT.

A. MEASURED TX TO RX LEAKAGE CANCELLATION

The TX leakage signal generates the DC offset in the IQ
receiver due to self-mixing with LO. If the RX is operating
in the linear region, the DC magnitude of the IQ vector at RX
output will be directly proportional to the net leakage power
at RX input. The net leakage signal at RX input is the vector
sum of the TX leakage signal and IT leakage cancellation
signal. The net leakage signal at RX input can be written
as (AL)ﬁ cos(2m frxt+ ¢,ﬁ), where P and M are the IT
phase and magnitude code respectively, frx is the frequency
of operation i.e. 60 GHz and (AL)f,I is the amplitude of the
net leakage signal at the RX input. Only considering the low
frequency component (low pass filter response), the IQ vector

at RX output A¥ can be written as (11).

NG P | AP P P
Ay = Ay + jAQy = [Ay | L0y

(11)
Aljy = Up)y = )y
AQh = (Op)h — (O
ALl = JOAILP +(AQL? = AfGry  (12)
205 = tan=! (AQY /ALL)
P _ P AP
Ay = Ay — Ay lm=ovp=0 (13)
—2
AL
AS(4,1)=20log1o | — (14)

| AL | =ovp—=0

Al 1{,} and AQi[ are the differential In-phase and Quadrature
signals at the RX output, which are measured for different
M and P settings of the IT. |A£,| is directly proportional
to (AL)f/[ according to (12) where Ggrx = Gina.GumiIxXER
is the voltage conversion gain of the RX. Therefore the ob-
jective of the IT is to minimize |A},| by adjusting P and

—

M. AY|ym—ovp=o (When either M or P is zero) gives the
1Q vector response only due to TX leakage signal since IT
cancellation signal is zero in this case. IT cancellation signal
—>

A1113/1 can be calculated mathematically as (13).
— —
The measured vectors at RX output  A¥ |y —ovp=o, A},

and A_f),, are shown in the Fig. 14 at 60 GHz. In this mea-
surement, the coupler port 2 or chip output pad (Fig. 3(a)) is
connected to the 67 GHz Spectrum Analyser R&S FSW67
via Ground-Signal-Ground (G-S-G) probe. This provides the
50 € load or termination at the chip output pad. In order
not to saturate the RX section, PA power is configured at
—2 dBm via controlling the vector modulator in the TX chain
as shown in Fig. 13. The TX leakage si_gilal at RX input can

be calculated as: (Ar)} Iv=ovr=0 = |AY|Im=ovr=0/Grx =

90

Yy
1,
A z
i B 1
—
Aﬁj [A1=ovP=o0 A:ai;
(a) ol
Yy
1,
AT
n
1
1
'
) xr
_1 AP 1
Ay
—
Aﬁ\m:uvp:u
(b) 1

FIGURE 14. Measured 1Q vectors. 1) A—ﬁ, is the vector due to the net
leakage signal at RX input. 2) AT;,,|M=nvp=o is the vector due to only 7X

leakage signal at RX input because IT is off in this case. 3) A—ﬁ, is the vector
due to only IT leakage cancellation signal and calculated from (13).

| 8-bit Mag. code (M)

50
110
255

A¥, Vector Magnitude (V)

0
0 10 20 30

Impedance Tuner 5-bit phase code (P)

FIGURE 15. Measured A—,"’,, vector magnitude w.r.t. Impedance Tuner 5-bit
phase code P = 0 : 32 for different Inpedance Tuner magnitude codes
M=0,1,5,20,50,110, 255.

0.6V/31.6 = 19mV or equivalently —24 dBm in 50 €2 sys-
tem. Knowing the PA output power and TX leakage signal
at RX input, coupler own isolation S(4, 1), when IT is off (
M =0V P =0), comes out to be —24 — (—2) = —22 dB at
60 GHz.
The net leakage signal at RX input (A;)}; is directly pro-
— N

portional to |A1’f,1| according to (12). The measured |Af,,| at
60 GHz is shown in the Fig. 15 with respectto P = 0 : 32 and
several values of M. The leakage cancellation depth due to IT
or the increase in the coupler isolation AS(4, 1) only because
of the IT can be calculated from (14) and results are plotted
in Figs. 16 and 17. The coupler achieves 27 dB isolation
improvement at M =110 and P =4 at 60 GHz. Here it
is important to mention that this is additional isolation due
to the IT leakage cancellation circuitry on top of the coupler
own isolation of 22 dB at 60 GHz. Fig. 18 shows the measured
LC depth with respect to the PA output power at 60 GHz and
Fig. 19 shows the LC depth achieved at different frequencies
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FIGURE 16. Measured change in TX-RX Isolation (AS;;) w.r.t. Inpedance
Tuner 5-bit phase code P = 0 : 32 for different Inpedance Tuner magnitude
codes M =0, 1, 5, 20, 50, 110, 255. The Isolation improves by 27 dB at

60 GHz forM =110and P = 4.

8-bit magnitude code (M)

5 10 15 20 25 30

Impedance Tuner 5-bit phase code (P)

FIGURE 17. Measured LC depth or change in TX-RX Isolation AS(4, 1) dB
because of IT at 60 GHz by adjusting the IT phase (P) and magnitude code
(M). To reduce measurement time, M is adjusted only in coarse steps of 10
when M > 10.
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FIGURE 18. Measured LC depth with respect to PA output power.
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FIGURE 19. Measured LC-Depth (dB) with respect to the frequency. IT

phase code (P) and magnitude code (M) have been adjusted at each
frequency point to provide the best possible leakage cancellation.
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FIGURE 20. Measured change in TX-ANT Insertion Loss (AS;;) and ANT-RX
Insertion Loss (ASs;) w.r.t. Inpedance Tuner 5-bit phase code P = 0 : 32
for different Impedance Tuner magnitude codes M = 10, 110, 255.

from 59 GHz to 60 GHz. Due to discrete nature of phase
and magnitude steps of leakage cancellation signal, the LC
depth is best achieved at certain frequencies when the phase
is close to the ideal required phase. However, as analysed in
the Section III-C, the worst case LC depth with 5-bit phase
resolution and 8-bit magnitude resolution is better than 20 dB.
Fig. 20 shows the measured change in TX-to-Ant insertion
loss and Ant-to-RX insertion loss when IT phase code P is
varied at different magnitude codes M. The insertion loss only
changes by +0.5 dB maximum whereas the TX-RX Isolation
can be improved by 27 dB at 60 GHz and 35 dB at 59.2 GHz.

B. MEASURED S;; OF THE IT

To measure the S{f of the IT, output power of the PA output
signal Vpy /97 is configured —13 dBm by controlling the
vector modulator in the TX path. Moreover coupler port 2 or
chip output pad (Fig. 3(a)) is left open in this measurement.
L resonates with Cpsp at 60 GHz and I'psp ~ 0.8. Under
these conditions, RX output 1Q vectors due to the TX le_a)kage

s
signal Af,,| Mm=0vr—o and leakage cancellation signal Af,, can
be written as (15) and (16) respectively considering S4; <<
821842 pap, where Sy, is the S parameter of the coupler as
shown in Fig. 3(a).

% .
AV lm=ovp=0 = |Vpal €/©1 Sa1 Sap Tpap Gy (15)
where O = £S21 + £S42 + LGrx + Opa
B . 01 IT\P
Ay = —|Vpal €71 821 Saz (S71)m Grx
831 843 = — 521 Sa2
(16)
—

IT\P |Aj]

[(Siuml = | = I'pap (17)
IAY [m=ovp=ol
—
Z((S{Hm) = £(AY) —m — ©1  where ©;
=

=/ (AM|M=0vP=O> (13)
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FIGURE 21. (a) Simulated S-Parameters (S;15;'>2) of the Impedance
Tuner. (b) Indirectly measured S-Parameter of the Impedance Tuner.

1 .
Quadrature 1y TX OFF
2) TX ON/ IT OFF

3) TX ON/ IT ON

—1

FIGURE 22. Measured RX I1Q diagram for three different cases. 1) TX is off,
2) TX is ON but Impedance Tuner is off. 3) TX leakage signal cancelled via
Impedance Tuner.

Equations (17) and (18) gives magnitude and angle of the
(STHk  respectively.  Simulation and  measurement
results of (SIT)F are plotted in Fig. 21.

C. MEASURED RX IQ DIAGRAM

In this measurement, the LO frequency is set at frx =
60 GHz and an external sinusoidal signal of frequency frx +
8y is provided at the chip output pad via G-S-G probe. The
external signal is generated via R&S SMA100B signal gener-
ator. The RX differential In-phase signal A[ and differential
Quadrature signal AQ are sampled via the Digital Oscillo-
scope. IQ diagram is plotted in Fig. 22 for three different
cases. In the first case, the TX is completely turned off. In
this case, there would be no TX leakage signal into the re-
ceiver and the RX performance will not be degraded by the
TX leakage signal. In the second case, the TX is on and
vector modulator in the TX path is configured such that PA
output power is 5 dBm. IT is off in the second case i.e.
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FIGURE 23. Preliminary radar prototype.

TABLE 2. Noise Measurement Cases

Case Description

Case A LCCOFF + TXOFF

Case B LCCON + TXOFF

Case C LCCON + TXON (-9 dBm)
Case D LCCON + TXON (-2 dBm)
Case E LCCON + TXON (+4 dBm)
Case F LCCOFF + TXON (+4 dBm)

M =0V P =0. It can be seen that IQ digram is completely
distorted because of the TX leakage signal. The third case is
similar to the second case and PA output power is same i.e.
5 dBm. However, in the third case, M and P are configured
to generate the appropriate leakage cancellation signal to mit-
igate the effect of the TX leakage signal on the RX. It can be
seen that in case (3) the signal is very similar to the case (1)
as if there is no TX leakage signal.

D. PRELIMINARY RADAR MEASUREMENTS

Preliminary radar prototype was designed to determine the
efficacy of the designed chips to measure the vital signs.
Simplified block diagram of the radar prototype is shown in
Fig. 23. Two RF chips are wire-bonded on the RF board and
their oscillators work synchronously via the injection locking
scheme [13]. External off-the-shelf phase lock loop (PLL)
locks the phase of the oscillator with the phase of a precise
external quartz oscillator. The PLL is also used to set the
desired RF frequency of the chip for the CW radar operation
i.e., 60 GHz. Each channel is connected to a 60 GHz on-board
4-element linear patch array antenna with the bond-wires.
There is a bond-wire compensation network implemented to
improve the RF matching. Channel 1 receiver IQ signals are
connected to a 16-bit ADC after filtering and gain stages. The
total baseband gain is 34 dB having 3-dB bandwidth from
1.5 Hz- 70Hz. The data is then sent to PC for plotting and
analysis.

Fig. 24 shows the radar IQ signal for three different sce-
narios. The target in each scenario is a small corner reflector
mounted on a linear stage with the speed of ~0.65 cm/s
having to and fro motion at a distance of 1 m from the radar.
In the Bi-static scenario, CH1 TX is off; and, the signal is
transmitted from CH2 and received from CHI. The TX to
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TABLE 3. Performance Comparison Among State of the Art Leakage Cancellation Circuits

Reference Frequency | LC Depth | Total LCC LCC Power TX RX RX LCC
Isolation Area Consumption Power Gain  IPgs
(GH?z) (dB) (dB) (mm?) (mW) (dBm) (dB) (dBm)
MTT, 2016 60 23.4 53 05¢# 21 3 10.5 -23 VGA +
[4] Phase Shifter
JSSC, 2021 160 — 40 0.26 & 66 3 24 -18 Vector
[7] Modulator
MTT, 2021 79 - 44 ° 0.03 & 0 - 31 -14  Digital )
[10] Impedance Tuner
ISSCC, 2019 60 — 45 1727 41 - - - -
[16]
This Work 60 27 @ 49 0.04 4 45 30 20 Impedance Tuner %

< 34 dB measured at 59.2 GHz.

B Using advanced control algorithm to overcome the limited resolution of digital Impedance Tuner.

7 Area of the complete coupler
& Graphically estimated

(1) 3.3-bit phase resolution (i.e. 10 phase states), 2-bit magnitude resolution
(2) 5.pit phase resolution (i.e. 32 phase states), 8-bit magnitude resolution

(3) Max. power consumption when M = 255.

0.4 T T

- - Quadrature

— InPhase

Voltage (V)

_04l LCC (OFF) —— |
LCC (ON) —
Bi-STATIC E—

—0.6 .

¢————  Time=3() ——>

FIGURE 24. Measured radar 1Q data with a 5 cm corner reflector

(~0 dBsm RCS) on a linear stage. Mono-static scenario with leakage
cancellation system (LCC) ON/OFF is shown. For a comparison purpose,
Bi-static scenario is also shown when signal is transmitted from Channel 2
and received from channel 1.

RX isolation is very high because of different TX and RX
channels. In the other two scenarios, the CHI1 is being used
as both TX and RX (i.e., mono-static radar). When LCC is
OFF, the TX signal leaking into RX saturates the receiver.
Coupler isolation is 22 dB at 60 GHz, RX [Pj4p point is
—20 dBm; so, 10 dBm output power from PA drives the RX
into 8 dB saturation. However, when LCC is ON, it provides
the additional isolation of 27 dB. TX leakage power at RX
input becomes ~ —39 dBm i.e., much lower than the receiver
IPy4p, and IQ signal magnitude increases by 8 dB achieving
the same value as that of Bi-static case. The LNA gain Gpya
is limited to maximum 20 dB in the current chip version;
however, Grya can be further increased by 10 dB giving
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FIGURE 25. Measured voltage noise density of the radar signal after
amplification (see Fig. 23) for different scenarios mentioned in Table 2.

10 dB more SNR according to Fig. 4, thanks to the LCC. Note
that the requirement of the mixer /P p or LNA output 1-dB
point OPy4p doesn’t change with increasing Gyya.

Fig. 25 shows the measured voltage noise density after the
baseband amplification for the different scenarios mentioned
in Table 2. Case A shows the measured noise density of the
RX. Case B shows the noise density of the RX when LCC
is also ON. Both the cases perfectly overlap with each other
indicating that LCC doesn’t increase the noise floor at the
LNA input at 60 GHz as analyzed in Section III-D. Cases
C, D and E show the measured noise density with the TX
power when LCC is active. Case F shows the noise density
when TX is on but LCC is deactivated. Ideally, the noise den-
sity shouldn’t increase with the increasing TX power because
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phase noise of the TX signal (i.e., dominant TX noise source)
is correlated to the RX LO signal for the short range radar.
However, the TX amplitude noise has no correlation to the
RX LO and it increases the RX noise floor if TX/RX isolation
is limited [17]. Moreover, in the current chip version, on-
chip power distribution network and grounding scheme need
optimization. There is somewhat higher amplitude noise and
AM-PM conversion in the TX section because of supply/GND
ringing due to the bond-wire inductances.

V. CONCLUSION

An ultra-compact impedance tuner (IT) having 5-bit phase
resolution and 8-bit magnitude resolution has been designed
and the design parameters have been explained in detail.
IT is based on high impedance transmission line of length
527 pum and TAR cells which are based on SiGe transistors
in the reverse saturated topology. It has been shown that the
reverse saturated topology offers half the parasitic capaci-
tance as compared to the standard topology and hence the
phase resolution of the IT can be doubled. Very good leakage
cancellation performance in the radar chip was proven in
the measurements. The impedance tuner provides the leak-
age cancellation depth of 27 dB at 60 GHz. A comparison
of current work to the state of the art is summarized in
Table 3. The IT based leakage cancellation circuitry in this
work is very compact and has a very low power consump-
tion while providing high leakage cancellation depth at the
same time; thanks to the 8-bit and 5-bit magnitude and phase
resolution of the IT respectively. The IT circuit concept de-
scribed can be used advantageously in many types of radar
circuits.
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