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Abstract—This paper presents a novel K-Band Quadrature
Phase Shift Keying (QPSK) phase-modulated continuous-wave
(PMCW) radar front end architecture with digital 7/Q
constellation phase compensation and I/Q channel imbalance
correction. Although QPSK is a very common form of digital
phase modulation, it is rarely reported for PMCW radar systems,
especially those designed on printed circuit board (PCB)
technology. A MATLAB simulation platform is also developed
and presented to help verify the benefits of QPSK PMCW radar
for range detection.
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I. INTRODUCTION

Phase-modulated continuous-wave (PMCW) radar is a type
of radar sensor applicable to many wireless sensing
environments [1]. With improving semiconductor technology,
PMCW radar is becoming a more viable solution for modern
sensor architectures. Although this paper does not explore
automotive applications, Fig 1. shows a scenario where
automotive application of PMCW radar may help to mitigate
interference due to its single-frequency carrier and the
adaptability of its encoding waveform [1]-[4]. The single spread
carrier of PMCW creates a broad increase in system noise floor
[1], [4] but opens potential channels for more efficient use of
decreasing electromagnetic spectrum resources [5]. Typical
PMCW radar systems leverage a phase modulation scheme
known as binary phase shift keying (BPSK), where the carrier
frequency is modulated with one of two different phases to
encode digital sequences [9]. However, higher order phase
modulation schemes such as quadrature phase shift keying
(QPSK), where the transmitted signal is modulated with one of
four different phases [10], are rarely explored for PMCW radar
applications. To analyze the benefits of higher order modulation
and improve the performance of PMCW radar systems, this
paper presents a printed circuit board (PCB) technology QPSK
PMCW radar operating in the K-band with digital 7/Q
constellation phase compensation and //Q channel imbalance
correction. A MATLAB simulation is also presented to
overcome limitations in the high frequency bit stream encoding
and sampling rates required for PMCW radar range detection
and verify the advantages of QPSK for future PMCW radar
Sensors .
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Fig. 1. Example automotive radar application where the waveform adaptability
and single spread carrier of PMCW may improve interference mitigation.

II. PMCW RADAR THEORY AND SIMULATION

A. PMCW Radar Theory

PMCW radar is a digitally modulated radar that uses phase
modulation to encode digital information in the form of a
pseudo-random binary sequences (PRBS) [7], [8]. The
transmitted signal model of a PMCW radar can be represented
by (1), where X(¢) represents the transmitted electromagnetic
signal, f. represents the carrier frequency, and ¢,(f) represents
some random oscillator phase noise. The ¢,(¢) represents the
desired phase modulation term. For ideal BPSK modulation,
#m(f) would be 0° or 180°. For ideal QPSK modulation the ¢,,(f)
term would be 0°, 90°, 180° or 270°.

X(©) = cos2ufet + ¢i(t) + (1)) M

The local oscillator (LO) signal is the same as (1) except
without the extra ¢,,(¢) term. After mixing the reflected RF signal
with the LO, it can be seen that the baseband signal from a
PMCW radar leveraging //Q demodulation is almost identical to
the baseband //Q signal of a continuous wave (CW) Doppler
radar introduced in [11]. The mathematical model for the
complex baseband signal is given by (2), where () is the total
phase term that accounts for phase modulation, target distance,
target motion and random phase error. The expanded form of
y(?) is represented by (3), where dj represents the distance to
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the target, A is the free space wavelength of the carrier signal and
x(f) is the target motion relative to the radar sensor. Furthermore,
the expanded form of 4¢;(¢) and 4¢.(f) are represented in (4) and
signify the initial phase noise of the oscillator and desired phase
modulation term that have been time shifted due to the round
trip time delay of the electromagnetic wave.

B(t) = cos((1)) + jsin(ip(t)) (2)

4rt(dy + x(t))
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The phase terms in the argument of the cosine and sine
functions can ultimately add together to make a single resulting
phase and therefore output voltage signal. In the case of a
stationary target, the resulting output signal will be a constant
DC voltage relative to the ¢,(¢) term. The output level of the
signal will change depending on the value of the ¢,(¢) term, so
the voltage is constant for the symbol period denoted by 7. A
symbol can be understood as a phase state that encodes one or
more bits of digital information. In the case of a moving target,
the baseband signal will be the superposition of the DC voltage
level relative to the phase modulation term and the Doppler
phase term relative to the target motion.

PMCW radar can detect range through its characteristic
phase modulation. The demodulated 7/Q baseband signal can be
used to reconstruct a time-shifted version of the original PRBS.
Then, autocorrelation of the reconstructed sequence and the
original phase sequence returns a high correlation peak
corresponding to the number of symbols the sequence is
delayed. Therefore, the range resolution of PMCW radar is
directly related to symbol frequency [1], [6]. The range
resolution of PMCW radar is given by (4). Where AR is the
range resolution in meters, 7 is the symbol period, f; is the
symbol rate and c is the speed of the light in meters per second
which can be used as an accurate approximation for the speed
of the electromagnetic wave.

AR cTy c
2 2f (5)

To achieve high range resolution values, it is necessary to
have a very high symbol rate [1]. However, with a known
number of samples per symbol, the range resolution and target
range bin can also easily be determined with proper down
sampling of the received signal even at a lower symbol
frequency. The burden of high sampling rates to achieve high
range resolution has hindered the wider application of PMCW
radar as opposed to the more common frequency modulated
continuous wave (FMCW) radar [1]. With modern
advancements in supporting hardware such as high-speed
analog to digital converters (ADCs) and field programmable
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Fig. 2. PMCW radar range vs. time plots for (a) BPSK and (b) QPSK
modulation for a single stationary target at 5 m with a 100 ps time window.

gate arrays (FPGAs) PMCW radar has become more accessible
for modern wireless sensing applications.

B. Simulation Study

A MATLAB simulation platform was developed using the
well-known PMCW radar signal model to analyze the benefits
of higher order QPSK modulation for modern radar sensors.
The simulation helps to overcome the hardware limitations that
limit the experimental results of this paper. The closed form
expression for the baseband signal used for simulation is given
by f{(t,n) in (6) and (7) where (6) is the baseband signal for the
n symbol in a single PRBS and (7) gives the i sequence of

f(t.n). ¢n(n) denotes the phase shift of the n” QPSK symbol, 7

is the time delay due to the propagation of the electromagnetic
wave and N is the total number of PRBS:s.

f(t,n) o e/2mfe(OT +dm(m) 6)
Ns
fon(tm) = ) ftm) %o

The above signal models give a platform for accurate
mathematical modeling and analysis of the merits of QPSK for
next generation PMCW radar.
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Fig. 3. K-Band QPSK PMCW Radar front end on Rogers R03003 substrate.

After applying a PMCW /O constellation phase
compensation algorithm, the corrected data is reconstructed
into a bitstream for autocorrelation with the original PRBS.
Applying these steps to N, total PRBSs, a range vs. time plot as
shown in Fig. 2 can be constructed from the radar data.

The benefits of QPSK modulation can be visualized in the
range time plots given in Fig. 2 (a) and Fig. 2 (b), which
correspond to BPSK PMCW and QPSK PMCW, respectively,
when analyzed in the same time window. In BPSK, each
symbol encodes a single bit of digital information [9].
However, in QPSK, two bits are encoded per symbol [10].
Therefore, QPSK can achieve the same correlation values and
SNR as BPSK in half the time window. Effectively, this
doubles the range processing speed while retaining the same
symbol rate. Similarly, SNR can be increased using QPSK. Fig.
2 demonstrates the SNR increase of an ideal QPSK PMCW
radar when compared with its BPSK counterpart. In the same
time window, QPSK can encode twice the amount of digital
information. This leads to higher correlation values and results
in a 3dB SNR increase in the received range spectrum. These
results are clearly visible in Fig. 2 (b) where range artifacts due
to finite length PRBSs in the range vs. time plot given in Fig. 2
(a) disappear. It is important to note that QPSK cannot double
range processing speed and increase SNR at the same time. The
respective benefit must be chosen for the applicable scenario.

ITII. K-BAND QPSK PMCW RADAR

A. Radar Sensor Hardware and Design

For experimental validation of the concepts introduced in
Section II, a K-Band QPSK PMCW radar was fabricated on
Rogers 3003 substrate. Fig. 3 shows the PMCW radar sensor
front end. The carrier frequency of the sensor is 24 GHz. The
architecture contains RF building blocks such as a voltage-
controlled oscillator (VCO), low-noise amplifier (LNA), and
gain block. The sensor also utilizes in house designs of a
Wilkinson Power Divider (WPD), single-balanced diode mixer
in a six-port configuration and three-element series fed patch
antenna for both transmit and receive. The most critical
component of the radar front end is an in house designed P-I-N
diode reflection-based quadrature phase shifter to facilitate the
digital phase modulation required for PMCW radar.

The respective components used on the board are the
Analog Devices HMC739 VCO, the Mini-Circuits PMA3-
15453+ gain block, and Qorvo CMD298C4 LNA. The P-I-N
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Fig. 4. (a) Baseband l;Eo)ard with AD8534 operational aml()li)ﬁer and switching
circuits (b) STM32G473CET6 breakout board for control signals.

diodes used in the reflection phase shifter are the MACOM
MADP-000907-14020 that feature a 2ns switching time and are
operational up to 70 GHz. For the single balanced diode mixer,
the Infineon BAT-24 -02LS low barrier Schottky diodes are
utilized. The down-converted signal is then sent to a baseband
board designed on FR4 substrate.

B. Baseband Hardware

Fig. 4 (a) shows the baseband FR4 board used to amplify
the low frequency voltage signal at the output of the radar front
end. An AC coupled baseband amplifier was designed using an
Analog Devices AD8534 operational amplifier IC. The
amplifier features two stages of voltage gain in an inverting
amplifier configuration. The amplifier provides 10 times
amplification in the first stage and 4.5 times in the second stage
for a total of 33 dB of voltage gain. The output I and Q signals
are measured by an oscilloscope and saved to a .csv file for
MATLAB processing.

The baseband board also includes a MOSFET based
switching circuit that provides the necessary bias voltage and
forward current to activate the P-I-N diodes. This circuit
features the Infineon BSS209-PW-DS PMOS and Infineon
BSS119-DS NMOS because of the favorable PMOS IV curve
and because both transistors operate with 3.3V logic. The
resistors in the circuit are optimized for proper operation of the
switching circuit and to limit the output current of the circuit so
the P-I-N diodes are properly activated but consume the
minimum amount of DC power. The bias resistors at the input
of the circuit are also used to limit the current sourced from the
microcontroller that is providing the control signal to the
switching circuit. Limiting current sourced from the
microcontroller is important to avoid damaging the sensitive
electronics in the chip.

The second baseband board on FR4 substrate is shown in
Fig. 4 (b). This board is a simple breakout board designed for
the ST Microelectronics STM32G473CET6 microcontroller.
The STM32 generates the PRBS that controls the switching
circuit and therefore the P-I-N diode phase shifter and PMCW
phase modulation. The pC is programmed through the 14-pin
header shown at the top of Fig. 4 (b) and the accessible GPIO
pins lead to the pin headers lining the outside of the board.
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Fig. 5. PMCW Radar experimental setup with 24 GHz transceiver and corner
reflector on a mechanical actuator for accurate small motions
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sampling rates, range detection was not carried out and is a
topic of future work. However, it can be inferred from the
experimental results and simulation that the radar would be able
to effectively detect range with acceptable range resolution
when proper symbol and sampling rates are used.

V. CONCLUSION

A K-Band QPSK PMCW radar with digital 7/Q
constellation phase compensation and //Q imbalance correction
was constructed, simulated and presented for future PMCW
radar systems. Future works from the author will include
analysis of the challenges and considerations related to the
implementation of a QPSK PMCW radar. Future works will
also focus on improvement of the designed K-Band front end to
allow for higher speed phase encoding and full experimental
verification of the range detection and benefits of QPSK
PMCW radar over common BPSK based systems.
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