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Abstract—The convergence of radar sensing and communi-
cation applications in the millimeter-wave (mmWave) and low
terahertz (THz) bands has been envisioned as a promising
technology, since it incorporates high-rate data transmission of
hundreds of gigabits per second (Gbps) and mm-level radar
sensing in a spectrum- and cost-efficient manner, by sharing both
the frequency and hardware resources. However, the joint radar
sensing and communication (JRC) system faces considerable
challenges in the mmWave and low-THz scale, due to the
peculiarities of the propagation channel and radio-frequency
(RF) front ends. To this end, the waveform design for the
JRC systems in mmWave and low-THz bands with ultra-broad
bandwidth is investigated in this paper. Firstly, by considering
the JRC design based on the co-existence concept, where both
functions operate in a time-domain duplex (TDD) manner, a
novel multi-subband quasi-perfect (MS-QP) sequence, composed
of multiple perfect subsequences on different subbands, is pro-
posed for target sensing, which achieves accurate target ranging
and velocity estimation, whilst only requiring cost-efficient low-
rate analog-to-digital converters (A/Ds) for sequence detection.
Furthermore, the root index of each perfect subsequence is
designed to eliminate the influence of strong Doppler shift
on radar sensing. Finally, a data-embedded MS-QP (DE-MS-
QP) waveform is constructed through time-domain extension
of the MS-QP sequence, generating null frequency points on
each subband for data transmission. Unlike the co-existence-
based JRC system in TDD manner, the proposed DE-MS-QP
waveform enables simultaneous interference-free sensing and
communication, whilst inheriting all the merits from MS-QP
sequences. Numerical results validate the superiority of the
proposed waveforms regarding the communication and sensing
performances, hardware cost as well as flexibility of the resource
allocation between the dual functions.

Index Terms—Millimeter wave (mmWave), Terahertz (THz),
joint radar sensing and communication (JRC), waveform design,
multi-subband quasi-perfect (MS-QP) sequence, data-embedded
MS-QP (DE-MS-QP) waveform, 5G networks, 6G networks.
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I. INTRODUCTION

Millimeter-wave (mmWave) communication has been re-

garded as a critical role in the fifth-generation (5G) network to

alleviate the scarcity of frequency resources caused by the es-

calating mobile data traffic [1], [2], which is further expanded

to the low terahertz (THz) band over 100 GHz to support ultra-

fast data transfer on the order of 100 Gigabit per second (Gbps)

for future sixth-generation (6G) networks [3]–[5]. The ultra-

broad communication bandwidth available in the mmWave

and low-THz bands enables a large number of bandwidth-

consuming services, including augment/virtual reality, high-

definition video communication and wireless backhauling, etc.

[6]–[9]. Besides, secure data transmission can be realized for

military use, thanks to the “pencil”-like extremely narrow

beam pattern in mmWave and THz communication systems

[6], [7]. Except for their merits in wireless communication, the

radiated signals also enable accurate sensing applications with

ultra-high-resolution target range and velocity estimation [10],

[11], attributed to huge operation bandwidth and high carrier

frequency on the order of 100 GHz. Moreover, the narrow

beamwidth of the radar signals could effectively mitigate

the clutter effects caused by multi-path propagation, further

enhancing the sensing performance.

A. State-of the-Art

As the transceiver hardware architectures for wireless com-

munication and radar systems have become more and more

similar, thanks to the advanced digital signal processing

[12], it is viable to incorporate both systems together by

sharing one single transceiver platform and the operating

spectrum, leading to cost-efficient and compact hardware

design, as well as improved spectral efficiency. This so-called

joint radar sensing and communication (JRC) concept has

been extensively investigated for lower-frequency bands in

the literature. Authors in [12]–[14] provide comprehensive

overviews of the existing JRC techniques, which classify

their principles into co-existence and co-design philosophies.

For co-existence methods, both the radar and communication

subsystems are treated as interferers to each other. A simple

strategy which could fully mitigate the interference is to

perform target sensing and data transmission in a time-division

duplex (TDD) manner [15]. However, the dual functions are

sometimes required to be steadily available, which necessitates

simultaneous operation of radar sensing and communication,

causing performance degradation of the JRC systems due to

inevitable mutual interference [16]. Under such scenario, a

joint precoder-decoder design was proposed to maximize the

signal-to-interference-plus-noise ratio (SINR) for interference

http://arxiv.org/abs/2106.01549v3
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mitigation of the JRC systems [17]. Besides, the interference

to the communication subsystem from radar sensing is reduced

by solving a non-convex joint interference removal and data

demodulation problem, where two optimization algorithms are

invoked [18]. More details on the interference cancellation of

co-existing JRC systems can be found in [19]. These strategies,

however, induce additional computational complexity.

Alternatively, the co-design implementations of JRC sys-

tems were developed by employing integrated waveforms, that

enable both radar sensing and communication. In [20]–[22],

the orthogonal frequency division multiplexing (OFDM) wave-

form was applied to the JRC systems due to the merits such as

capability of high-rate data transmission, one-tap equalization

and robustness to multi-path effects, etc. Explicitly, in [20],

an enhanced method for the radar range profile calculation

was developed based on frequency-domain channel estima-

tion, which enhanced the dynamic range of radar sensing. A

maximum-likelihood (ML) estimator of target range and veloc-

ity was also proposed based on the channel estimation methods

[21]. Besides, in [22], the power allocation strategy was

optimized for the OFDM JRC waveform based on information

theory. Despite its advantages, the OFDM signal inherently

suffers from high peak-to-average power ratio (PAPR), causing

undesirable clipping distortions originated from the nonlinear-

ity of high power amplifiers. Moreover, the auto-correlation

property1 of OFDM signals cannot be ensured for quadrature

amplitude modulation (QAM) constellations, causing possible

range sidelobes that affect the sensing performance [16], [23].

On the other hand, the single-carrier approach is capable of

maintaining low PAPR values, which is suitable for mmWave

and low-THz-band systems equipped with imperfect nonlinear

devices [24], [25]. In [26], a cyclic-prefixed single-carrier (CP-

SC) JRC system was investigated, where a low-complexity

estimator for target range and velocity was proposed based on

cyclic correlations and fast fourier transform (FFT) operations.

However, the simple communication waveform employing

quadrature phase shift keying (QPSK) was directly applied

for sensing, whose auto-correlation property is imperfect due

to randomness of the transmitted symbols. Moreover, [27]

combined PSK modulation and the direct sequence spread

spectrum (DSSS) technique to generate an integrated wave-

form for single-carrier JRC systems, which could achieve

sufficiently high peak sidelobe level via optimization methods,

but suffers from inherent data rate loss.

B. Motivation and Contributions

The convergence of sensing and communications across

the mmWave and low-THz frequencies are capable of en-

abling high-resolution target sensing, whilst attaining ultra-

high-rate data transmission at the same time [28]. However,

there are significant technical challenges for its practical

implementation, which cannot be fully overcome by the

aforementioned schemes for lower-frequency bands. Firstly,

1In this paper, auto-correlation property under zero Doppler shift is mainly
concerned [12], [31]. However, we should be aware that strong Doppler shift
could degrade the peak-to-sidelobe level in the correlation process of radar
sensing.

in the mmWave and low-THz bands, the emitted signals are

prone to severe path loss induced by the spreading loss and

molecular absorption effects [1], [29], leading to extremely

low signal-to-noise ratio (SNR) at the radar receiver. Sec-

ondly, the Doppler shift becomes more dominant due to the

ultra-high carrier frequency, which has negative impacts on

the target sensing performance, e.g., false alarms caused by

the range sidelobes [12]. Besides, analog-to-digital converters

(A/D) with sampling rate over tens of GHz may be required

for mmWave/THz-JRC systems with ultra-broad bandwidth,

which significantly enlarges the hardware cost. Finally, mutual

interference between the dual JRC functions can be detri-

mental for their performances, especially for radar sensing,

since the echo signals experiencing severe path loss could

be easily submerged in the leaked communication signals

to the radar receiver. At present, there have been prelim-

inary researches concerning mmWave/low-THz JRC appli-

cations [30]–[37]. Dokhanchi et al. investigated the feasi-

bility of the phase-modulated-continuous-wave (PMCW) and

the orthogonal-frequency-division-multiple-access (OFDMA)

waveforms in mmWave JRC systems with a bi-static radar

[30]. Despite their attractive merits, the PMCW waveforms

inherently suffers from low data rate, whilst OFDMA signals

have to deal with high PAPR issue as well as undesirable

sidelobe level. Besides, in [31], the preamble of the IEEE

802.11 ad frame was employed for mmWave radar applications

due to its good correlation property. The preamble sequence

was further designed by incorporating Prouhet-Thue-Morse

sequences to enhance the tolerance of Doppler shift effects

[32]. To enhance the estimation accuracy of target velocity

of the preamble-based JRC system, Kumari et al. proposed

a virtual waveform design based on virtual preamble con-

struction [33]. These preamble-based JRC schemes, however,

might be fragile to extremely severe path loss especially in the

THz scale, due to their limited sequence length. Moreover, the

beamforming issues of the JRC systems at both the mmWave

and THz scale were respectively discussed in [34] and [35],

where a desirable trade-off between the communication and

radar sensing performances was achieved. In addition, [36]

and [37] developed a proof-of-concept JRC platform using

low-resolution A/Ds at mmWave frequencies, which reduced

the energy consumption as well as the hardware cost. Nev-

ertheless, the quantized design of A/Ds inevitably leads to

performance degradation of both radar and communication

subsystems, making it undesirable especially at low-THz fre-

quencies with low SNR at the receiver. It is evident that, the

existing literature has not completely addressed all the above-

mentioned technical barriers encountered in the mmWave/low-

THz scale, e.g., severe issues of path loss, Doppler shifts

and implementation cost. To this end, this paper extensively

investigates the waveform design issue for JRC systems with

ultra-broad bandwidth at mmWave and low-THz frequencies,

where the main contributions can be summarized as follows:

1) To alleviate the harsh requirement on the A/D sampling rate

in JRC systems with ultra-broad bandwidth, a multi-subband

quasi-perfect (MS-QP) sequence is proposed for radar sensing,

which is obtained from the superposition of multiple perfect

subsequences (e.g., ZC sequence, generalized Frank sequence
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Fig. 1. Transceiver diagram of the JRC system at mmWave and low-THz frequencies.

and Milewski sequence [38]) on different subbands. Here the

perfect sequence is referred to as the sequence whose periodic

auto-correlation value always equals zero for any non-zero

shift [38]. By such arrangement, it is capable of maintaining

ultra-broad bandwidth with good auto-correlation property,

whilst only low-rate A/Ds are required for signal recovery

at the radar receiver, leading to reduced hardware cost. For

clarity, ZC subsequences [39] are mainly considered for MS-

QP sequence generation in this paper as a special case.

2) The parameters of the proposed MS-QP sequence based

on ZC subsequences are specially designed against strong

Doppler shift in the mmWave and THz scale. More specif-

ically, by considering each ZC subsequence on different sub-

bands for radar sensing respectively, its root index is optimized

to gather high sidelobes induced by Doppler shift closely

around the mainlobe on the radar range profile2, which also

leads to well concentration of dominant range sidelobes to the

main peaks of the proposed MS-QP sequence. Afterwards, a

target detection criterion called Target Exclusion nearby the

Main Peak (TEMP) is invoked assuming absence of other

target nearby the main peaks, thus mitigating the false alarms

caused by Doppler shift.

3) An data-embedded MS-QP (DE-MS-QP) waveform is pro-

posed based on the MS-QP sequence, which enables simulta-

neous high-resolution sensing and high-rate communication

without mutual interference. More specifically, the MS-QP

sequence is repetitively transmitted to generate null frequency

points on each subband available for data transmission. Then

the data symbols are inserted into these frequency points

through time-domain replication and phase rotation proce-

dures, yielding the proposed DE-MS-QP waveform. The re-

source allocation strategy of sensing and communication can

be flexibly adjusted to reach a desirable performance trade-off

between the two functions, by simply changing the waveform

parameter.

4) Simulation results are provided to validate the feasibil-

ity of the proposed parameter design against Doppler shift,

and that the proposed waveforms are capable of achieving

ultra-high-resolution ranging and velocity estimation under

extremely noisy environment, with cheaper front-end devices

than classical wide-band ZC sequences and linear frequency

2Range profile is defined as the cross-correlation results between the
echo signals and the transmitted sensing sequence. Correspondingly, range
sidelobes are referred to as the sidelobes besides the main peak on the range
profile.

modulated (LFM) signals. Moreover, the resource allocation

strategy between the dual functions of the proposed DE-

MS-QP waveform can be optimized numerically to enable

simultaneous mm-level radar sensing and data transmission

with marginal degradation of the communication performance.

Before we proceed, we point out that this paper places an

emphasis on the aspect of radar sensing in the proposed JRC

waveform design.

C. Structure and Notations

The remainder of the paper is organized as follows. Section

II illustrates the JRC system model. Section III presents

the proposed waveform design, which is followed by the

corresponding receiving techniques in Section IV. Numerical

performance evaluation is then provided in Section V, and

Section VI draws the conclusion.

Notation: (·)∗, ‖ · ‖ and |·| denote the conjugate operator,

the 2-norm, and the modulus of a set, respectively. 〈·〉N stands

for the modulo-N operator.

II. SYSTEM MODEL

Figure 1 illustrates the architecture of the considered JRC

system, which characterizes typical JRC applications such as

holographic conferencing with gesture detection and downlink

data transfer, and vehicle-to-vehicle sensing and communica-

tion for automated driving. Both of the radar and commu-

nication subsystems share the same hardware platform with

co-located transceivers. For sensing/communication purposes,

x = [x[0], x[1], · · · , x[N − 1]] are subsequently fed into a

digital-to-analog converter (D/A), a mixer and a high power

amplifier (HPA) to generate analog signals for transmission.

To overcome the severe path loss at mmWave and THz fre-

quencies, high-gain directional antennas (e.g., horn antennas,

parabolic antennas, and lens antennas) with extremely narrow

beams are usually employed at the transceiver [3], [11], where

the multi-path effects could be limited. Therefore, a line-of-

sight (LoS) flat-fading channel is assumed between the JRC

platform and the targets [10], [40] with non-dominant clutters

on the path treated as additive noise [31]. Except for the

directional antennas, the utilization of large antenna arrays

with beamforming techniques could also compensate for the

path loss effectively. When each antenna element transmits

the same signal for diversity gain, the overall array with
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beamforming is actually equivalent to a single directional an-

tenna. Hence, we consider a single-input single-output (SISO)

scenario for simplicity.

After arriving at the targets, on one hand, the conveyed data

can be extracted from the received waveform by the mobile

devices. On the other hand, x is also bounced back to the

JRC platform for receive (RX) signal processing including

down-conversion and A/D operations. The resultant baseband

echoes, denoted as y = [y[0], y[1], · · · , y[N − 1]], is then

utilized for target sensing via time-domain correlation-based

methods3. Aside from the round-trip delay as well as the

Doppler shift effects, y inevitably suffers from hardware im-

pairment including in-phase/quadrature (I/Q) imbalance, phase

noise and HPA nonlinearity induced by the mmWave/THz

front ends [6], [41], due to the difficulty in the fabrication of

ultra-high-frequency devices. For simplicity, we assume that

I/Q imbalance and nonlinearity of HPA at the transmit (TX)

side have been removed with pre-compensation techniques

[24], [25]. Then, the incoming signal before the mixer at the

radar receiver, denoted as y0[n], can be formulated as

y0[n] ≈
I∑

i=1

(

hix[n− τi]e
j(2πnvi+θn−τi

)
)

+ w[n], (1)

where I is the number of available targets, and hi denotes

the round-trip path gain of ith target, equal to the multiplica-

tion of antenna gains, free-space propagation loss, molecular

absorption loss as well as the reflection loss [41]. w[n] is

a complex Gaussian variable of CN (0, σ2), defined as the

aggregate noise component of thermal noise and clutters.

Besides, τi = ⌊ti/Ts⌋ is defined as the integer delay with

ti and Ts representing the round-trip delay of the ith target

and the sampling period, respectively. Note that the fractional

part of the time delay due to finite sampling rate is omitted in

(1) for brevity. In addition, vi denotes the normalized Doppler

shift, formulated as

vi =
2uifc
c0

Ts, (2)

where ui, fc and c0 are defined as the relative speed of the ith
target, the center frequency of the JRC system and the speed

of light, respectively. θn for n = 0, 1, · · · , N − 1 is the phase

noise term of the local oscillator (LO) shared by the co-located

transceiver, following a random-walk model (Wiener process)

illustrated as [43]

θn = θn−1 +∆θn, n = 1, 2, · · · , N − 1, (3)

where ∆θn ∼ N (0, σ2
∆) denotes the Gaussian random vari-

ation of phase noise, and θ0 is often set to be uniformly

distributed in [0, 2π). Afterwards, y0[n] is fed into the mixer

for down-conversion, yielding

y[n] ≈ µry0[n]e
−jθn + νry

∗
0 [n]e

jθn , (4)

3Aside from radar applications, the RX branch of the JRC platform is
also capable of demodulating the uplink signals from the the users/targets as
shown in Fig. 1, where sensing and uplink communication are assumed to
follow TDD working mode.

given that {
µr = cosφr + jǫr sinφr;
vr = ǫr cosφr − j sinφr,

(5)

where φr and ǫr denote the phase and amplitude imbalances

of the RX I/Q branches, respectively [42]. By substituting (1)

into (4), the echo signal for radar processing can be formulated

as

y[n] ≈µr

(
I∑

i=1

(

hix[n− τi]e
j(2πnvi+θn−τi

)
)

+ w[n]

)

e−jθn+

νr

(
I∑

i=1

(

h∗
i x

∗[n− τi]e
−j(2πnvi+θn−τi

)
)

+ w∗[n]

)

ejθn

=
I∑

i=1

(

hiµrx[n− τi]e
j(2πnvi+θn−τi

−θn)+

h∗
i νrx

∗[n− τi]e
−j(2πnvi+θn−τi

−θn)
)

+ w̃[n],

(6)

where w̃[n] denotes the equivalent noise term involving the

impacts of hardware imperfections.

As is observed in (6), the received echoes are distorted by

hardware imperfections. However, unlike the wireless com-

munication subsystem at mmWave and low-THz frequencies,

which is vulnerable to hardware impairment, I/Q imbalance

and LO phase noise are less dominant in radar sensing.

Explicitly, the echo signals are composed of the received

sensing sequence as well as its image component induced

by I/Q imbalance. The power of the former is usually much

stronger than the image counterpart [44]–[46], whose impacts

are marginal on the correlation results. Besides, since a single

LO is shared by the co-located radar transceiver, the TX and

RX phase noise terms in (1) could cancel each other out

approximately if the round-trip delay is sufficiently small.

Such condition is readily satisfied for JRC systems at mmWave

and low-THz frequencies, which mainly serve short-range

target/users due to the severe path loss. Therefore, hardware

imperfections will not be an emphasis in our JRC waveform

design.

III. PROPOSED JRC WAVEFORM DESIGN IN MMWAVE AND

LOW-THZ BANDS

A. MS-QP Sequence for Radar Sensing

Since ultra-broad bandwidth is employed in the

mmWave/low-THz JRC system to achieve both high-

resolution ranging and data transmission over 100 Gbps,

A/Ds with sampling rate over tens of GHz are required in

principle at the receiver, leading to undesirable hardware

cost. To this end, a novel MS-QP sequence is constructed

for radar applications using multiple perfect sequences (e.g.,

ZC sequences [47], [48]) on different frequency subbands,

which could support ultra-high-resolution ranging with the

only requirement of low-rate A/Ds. Specifically, a set of M
ZC sequences4, bm = [bm[0], bm[1], · · · , bm[Lm − 1]] for

4For clarity, ZC sequences are employed for MS-QP sequence generation
without loss of generality. The construction method is also applicable to the
rest of the perfect sequence family, e.g., generalized Frank sequence, Milewski
sequence, etc. [38].
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Fig. 2. Frequency-domain representations of the proposed MS-QP sequence.

m = 0, 1, · · · ,M − 1, is generated for MS-QP sequence

construction, each formulated as

bm[l] = exp

(

−jπ
pml(l+ 1)

Lm

)

, (7)

with ideal auto-correlation property shown as

rbmbm [n] =

Lm−1∑

l=0

bm[l]b∗m[l − τ + n] =

{
Lm, n = τ ;
0, n 6= τ,

(8)

where l and n denote the indices of the ZC sequences

and correlation results, respectively. rbmbm [n] denotes the

auto-correlation value, and τ represents the round-trip de-

lay. Besides, Lm and pm are defined as the length of bm

(odd number) and the root index, respectively, following

gcd(pm, Lm) = 1. Afterwards, bm for m = 0, 1, · · · ,M −
1 are converted to the frequency domain using Lm-point

discrete Fourier transform (DFT), yielding Bm[k] with the

index k = 0, 1, · · · , Lm − 1. The frequency components

of bm are then moved to the m-th frequency subband for

m = 0, 1, · · · ,M − 1, respectively, where a guard interval

(GI) of length LG is inserted between any two neighboring

subbands5, as illustrated in Fig. 2. Finally, an inverse DFT

(IDFT) with size of N = (
∑M−1

m=0 Lm)+MLG is imposed on

the concatenated spectrum of the M subbands, yielding the

equivalent baseband representation of the proposed MS-QP

sequence, derived as

x[n]
△
=

1√
N

M−1∑

m=0

e
j2πfmn

N

Lm−1∑

k=0

Bm[k]e
j2π
N

kn

=
1√
N

M−1∑

m=0

e
j2πfmn

N
1√
Lm

Lm−1∑

l=0

bm[l]×

sin
(

Lmπ( n
N

− l
Lm

)
)

sin
(

π( n
N

− l
Lm

)
) × ejπ(Lm−1)( n

N
− l

Lm
),

(9)

where the frequency shift fm can be calculated by

fm =

{

(
∑m−1

i=0 Li) +mLG, 1 ≤ m ≤ M − 1;
0, m = 0.

(10)

5As stated in Section IV, M band-pass filters are employed to obtain
the frequency components of each subband at the radar receiver. To avoid
out-of-band interference on the filtered results of each subband, LG should
be designed to guarantee that, the 3-dB bandwidth of the band-pass filter
employed for each frequency subband is non-overlapped with its neighbouring
subbands.

Since the proposed MS-QP sequence is constructed by con-

catenating multiple subbands separated by frequency-domain

guard interval, it could utilize ultra-broad bandwidth for high-

resolution ranging with the only requirement of M cost-

efficient low-rate A/Ds for signal sampling on each subband

independently, instead of full-band A/D with the sampling

rate over tens of GHz6. Thus the hardware expenses can

be eliminated. On the other hand, to investigate the auto-

correlation property of the proposed MS-QP sequence, a useful

lemma already demonstrated in [23] is introduced as below:

Lemma 1: [23] An arbitrary sequence whose DFT coeffi-

cients are of constant magnitude, has ideal auto-correlation

property, and vice versa.

It is readily proved that the magnitudes of DFT coefficients

of any ZC sequence are constant. Hence, the spectrum enve-

lope of the proposed MS-QP sequence, constituted by Bm[k]
for k = 0, 1, · · · , Lm − 1 and m = 0, 1, · · · ,M − 1, is nearly

constant if LG is sufficiently small. This intuitively implies

that the proposed MS-QP sequence could achieve quasi-perfect

auto-correlation property according to the lemma, making it

more qualified for radar sensing applications.

Despite the aforementioned merits of the proposed MS-

QP sequence, the time-domain constant-amplitude property is

unfortunately not inherited from its ZC sequence components,

which may cause high PAPR problem. This could be detri-

mental especially for high-rate mmWave/THz systems with

HPAs [49]. In order to address this issue, whilst retaining the

quasi-perfect auto-correlation property, we recall that the auto-

correlation property of a sequence is mainly dependent on its

amplitude-frequency characteristic [26], which enlightens us to

alter the phase-frequency characteristic of the proposed MS-

QP sequence for PAPR reduction. More specifically, a phase

rotation of φ̂m chosen from an Lφ-element alphabet denoted as

Φ = {φ0, φ1, · · · , φLφ−1}, is imposed on the mth frequency

subband for m = 0, 1, · · · ,M − 1. Hence, the proposed MS-

QP sequence x[n] for n = 0, 1, · · · , N − 1, originally given

6The proposed multi-subband structure can also be combined with the
classical single-carrier communication waveform, realizing straightforward
communication and sensing convergence with low expenses, which however
could not ensure good auto-correlation property, and the Doppler-resilient
design like Section III-B is also infeasible due to the randomness of commu-
nication signals.
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Fig. 3. Transmitter diagram for MS-QP sequence generation.

in (9), can be finally modified as

x[n]
△
=

1√
N

M−1∑

m=0

ej( 2πfmn
N

+φ̂m) 1√
Lm

×

Lm−1∑

l=0

bm[l]
sin
(

Lmπ( n
N

− l
Lm

)
)

sin
(

π( n
N

− l
Lm

)
) ejπ(Lm−1)( n

N
− l

Lm
),

(11)

where we have

[

φ̂0, φ̂1, · · · , φ̂M−1

]

= arg min
φ̂i∈Φ

max(‖x[n]‖2)
E(‖x[n]‖2)

. (12)

Finally, for practical implementations to generate MS-QP

sequences, one straightforward solution is shown in Fig. 3(a),

where bm for m = 0, 1, · · · ,M − 1 with sampling period Tm

performs interpolation and pulse shaping through the shaping

filter, then moved to different subbands in the low-frequency

scale, and finally superposed together to generate the MS-QP

sequence x with sampling period Ts through digital circuits.

Here we have Tm = NTs/Lm for m = 0, 1, · · · ,M−1. Such

method however requires an ultra-high-rate D/A to generate

analog radar sensing signals x(t). Alternatively, as illustrated

in Fig. 3(b), bm can be directly converted into analog signals

through low-rate D/As, and then moved to its corresponding

subband with center frequency fT,m in the mmWave/THz

scale, respectively. Finally, different branches are superposed

to generate x(t).

Remark 1: Aside from sensing, the transmitter architecture

of the proposed MS-QP sequence is also capable of supporting

5th-generation (5G) and beyond wireless communications,

e.g., the multi-service subband filtered multi-carrier (MS-

SFMC) scheme [50]. In MS-SFMC systems, the overall band-

width is split into multiple subbands separated by GIs utilized

for different data services, where the bandwidth allocation for

different subbands can be flexible, and data on each subband is

extracted for a particular service/user using band-pass filtering.

This fits quite well with the MS-QP sequence transmitter in

Fig. 3, making the proposed MS-QP sequence readily available

for JRC applications in a TDD manner.

B. Parameter Design for MS-QP Sequences against Strong

Doppler Shift

Doppler shift tends to be stronger at mmWave/THz frequen-

cies, which induces dominant sidelobes on the range profile

of radar sensing, leading to additional false alarms at the

radar receiver. Hence, the parameters of the proposed MS-

QP sequence are required to be specially designed in order

to enhance its robustness against Doppler shift. It can be

observed in (11) that the MS-QP sequence is the superposition

of M subsequences b̃m =
[

b̃m[0], b̃m[1], · · · , b̃m[N − 1]
]

for

m = 0, 1, · · · ,M − 1 on non-overlapped subbands, which are

expressed by

b̃m[n]=
1√

NLm

ej( 2πfmn
N

+φ̂m)
Lm−1∑

l=0

bm[l]

×
sin
(

Lmπ( n
N

− l
Lm

)
)

sin
(

π( n
N

− l
Lm

)
) ejπ(Lm−1)( n

N
− l

Lm
).

(13)

It is indicated that b̃m for m = 0, 1, · · · ,M − 1 are approx-

imately orthogonal, i.e., having zero cyclic cross-correlations,

since their used spectrums are non-overlapped. The orthogo-

nality still holds even under Doppler shift effects by setting

guard interval of appropriate length between neighbouring

subbands. This indicates that the range sidelobes of the MS-QP

sequence induced by Doppler shift is mainly determined by

the cross-correlation results between b̃m and its corresponding

echo signal for m = 0, 1, · · · ,M − 1. Furthermore, it is seen

from (13) that b̃m is actually an interpolated and frequency-

shifted ZC sequence, which is expected to share similar

properties with bm, including the distribution of sidelobes

induced by Doppler shift on the range profile. Therefore,

to overcome the Doppler shift effects on radar sensing with

the MS-QP sequence, a heuristic strategy is to mitigate its

impacts on the range profile of each ZC subsequence bm

(m = 0, 1, · · · ,M − 1) separately by special design of the

corresponding root index pm.

Assume that an arbitrary ZC sequence b =
[b[0], b[1], · · · , b[Nzc − 1]] is invoked for radar sensing,

which is formulated as

b[n] = exp

(

−jπ
pn(n+ 1)

Nzc

)

, (14)
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where Nzc and p denote the length (odd) and root index of

the ZC sequence, respectively, satisfying 0 < p < Nzc and

gcd(p,Nzc) = 1. It is indicated that, the ideal auto-correlation

property of b can be impaired by the Doppler shift effects.

Such impact is more pronounced in mmWave/THz systems

than the lower-frequency counterparts, due to high operating

frequency at the order of 100 GHz. Explicitly, by considering

the single-target scenario for brevity, the magnitude of cross-

correlation between the transmitted ZC sequence and the

echoes with round-trip delay τ and normalized Doppler shift

v, can be derived as (n = 0, 1, · · · , Nzc − 1)

‖rbb[n]‖ =

∥
∥
∥
∥
∥

Nzc−1∑

k=0

b[k − τ ]ej2πvkb∗[k − n]

∥
∥
∥
∥
∥

=

∥
∥
∥
∥
∥
∥

sin
(
π 〈p(n− τ)− vNzc〉Nzc

)

sin
(

π
Nzc

〈p(n− τ) − vNzc〉Nzc

)

∥
∥
∥
∥
∥
∥

,

(15)

which can be seen as a function of 〈p(n− τ)− vNzc〉Nzc

7,

as illustrated in Fig. 4. When the Doppler shift is marginal,

i.e., v ≈ 0, it is observed that 〈p(n− τ) − vNzc〉Nzc
becomes

integer for arbitrary value of n, and thus ‖rbb[n]‖ is equal

to zero except for n = τ corresponding to the main peak

on the range profile. On the other hand, under non-negligible

Doppler shift, the values of 〈p(n− τ)− vNzc〉Nzc
for n =

0, 1, 2, · · · , Nzc − 1 deviate from the integer points, leading

to non-zero range sidelobes. By assuming that vNzc < 18, it

is seen that these sidelobes are higher at the time instants n
corresponding to smaller

∥
∥〈p(n− τ)〉Nzc

∥
∥.

On the other hand, since gcd(p,Nzc) = 1, R =
[
〈−τp〉Nzc

, 〈(1− τ)p〉Nzc
, · · · , 〈(Nzc − 1− τ)p〉Nzc

]
consti-

tutes a complete system of residues with respect to Nzc,

constrained to be within
[
−Nzc−1

2 , Nzc−1
2

]
without loss of

generality. In other words, R can be regarded as a permutation

of all the Nzc integers in
[
−Nzc−1

2 , Nzc−1
2

]
, where each element

corresponds to a unique sidelobe on the range profile as shown

in Fig. 4. By changing the root index, the permutation can be

modified, and the position of sidelobes on the range profile

can then be altered accordingly. Based on the aforementioned

findings, a novel root index design for ZC sequences against

Doppler shift is proposed as follows, aiming at concentrating

the dominant sidelobes induced by Doppler shift closely

around the main peak on the range profile: For any odd-length

ZC sequence b[n] (n = 0, 1, · · · , Nzc − 1), the root index

could be set as p ∈ {1, Nzc−1
2 , Nzc+1

2 , Nzc − 1} if satisfying

gcd(p,Nzc) = 1.

To validate the feasibility of the proposed root index design,

we consider the cases of p = 1 and p = Nzc−1
2 , where the

elements of R can be respectively calculated as

〈n− τ〉Nzc
= n− τ, (16)

7Note that the remainder obtained by the modulo operator 〈·〉
Nzc

could be
a fractional number.

8When vNzc ≥ 1, the strong Doppler shift could even cause translation
of the main peak on the range profile, aside from the generation of range
sidelobes, leading to inevitable error floor for target ranging. In this paper,
the Doppler shift is partly mitigated by periodical transmission of shorter
codes in each coherent processing interval (CPI) instead of directly using
long codes [26], where vNzc < 1 is satisfied.

-10 -5 0 5 10
 p(n- )-vN

zc N
zc

0

2000

4000

6000

8000

10000

||r
bb

[n
]|| high range sidelobe 

due to doppler effects

zero range sidelobe 
at integer points

Fig. 4. The graph of ‖rbb[n]‖ as a function of 〈p(n− τ)− vNzc〉Nzc
, where

Nzc = 10007.

〈
Nzc − 1

2
(n− τ)

〉

Nzc

=

{ −k, n− τ = 2k;
(Nzc+1)

2 − k, n− τ = 2k − 1.
(17)

It is seen from (16) and (17) that the time instants of n
corresponding to smaller 〈p(n− τ)〉Nzc

are distributed at both

sides of n = τ closely, making the dominant sidelobes well

concentrated around the main peak on the range profile. On

one hand, such property is apparent for p = 1; On the other

hand, Table I with Nzc = 10007 and p = 5003 exemplifies

the case of p = Nzc−1
2 , where the distances from the main

peak to the highest and second-highest sidelobes are 2 and 4,

respectively. Fig. 5 evaluates the effectiveness of our proposed

root index design, given that Nzc = 10007, and τ = 1000.

Compared with the case of p = 3 in Fig. 5(a), where non-

negligible sidelobes are witnessed away from the main peak,

dominant sidelobes are closely distributed around the main

peak for the proposed parameter design, as shown in Figs.

5(b) and 5(c). Similar results can be obtained for p = Nzc − 1
and p = Nzc+1

2 , which are omitted here for brevity.

As discussed above, when applying the MS-QP sequence

to radar sensing, its sidelobe distribution on the range pro-

file is determined by those of its ZC subsequences bm for

m = 0, 1, · · · ,M − 1. Hence, the range sidelobes caused

by the Doppler shift can be well concentrated around the

main peaks on the range profile of the proposed MS-QP

sequence, by setting pm ∈ {1, Lm−1
2 , Lm+1

2 , Lm − 1} for

m = 0, 1, · · · ,M−1. Afterwards, the target detection scheme

can be specially designed to eliminate the possible false alarms

caused by the strong Doppler shift, which will be discussed

into detail in Section IV.

C. Integrated DE-MS-QP Waveform for JRC Applications

As stated in Remark 1, the proposed MS-QP sequence

is also compatible with wireless communication function

under TDD working mode, which however cannot support

concurrent radar sensing and data transmission. To address this

issue, the integrated DE-MS-QP waveform is developed based

on time-domain extension of the proposed MS-QP sequence,
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Fig. 5. Range profile of the ZC sequences with and without proposed root index design, where Nzc = 10007, and τ = 1000.

TABLE I
DISTRIBUTION OF THE SIDELOBES INDUCED BY DOPPLER SHIFT IN THE RANGE PROFILE OF THE ZC SEQUENCE WITH NZC = 10007 AND p = 5003.

〈n− τ〉Nzc
· · · −4 −3 −2 −1 0 1 2 3 4 · · ·

∥
∥〈p(n− τ)〉Nzc

∥
∥ · · · 2 5002 1 5003 0 5003 1 5002 2 · · ·

Sidelobe Level · · · High Low High Low Peak Low High Low High · · ·

enabling simultaneous sensing and communication without

mutual interference. Before we proceed, the following property

is provided for DE-MS-QP waveform construction:

Let si = [si[0], si[1], · · · , si[Ls − 1]] (i = 0, 1, · · · ,M ′−1)

be M ′ sequences of length Ls, and s′i be the time-domain

extension of si with length L′
s = LsM

′, expressed as

s′i = [s′i[0], s
′
i[1], · · · , s′i[L′

s − 1]] =
[
s′i,0, s

′
i,1, · · · , s′i,M ′−1

]

(18)

where s′i,g = ej
2πgi

M′ si for g = 0, 1, · · · ,M ′ − 1.

Then the L′
s-DFT of s′i, denoted as S′

i[k
′] for k′ =

0, 1, · · · , L′
s − 1, can be calculated by

S′
i[k

′] =

L′

s−1
∑

n=0

s′i[n] exp(−j
2πk′n

L′
s

)

=

M ′−1∑

g=0

exp(−j
2π (k′ − i) g

M ′
)

Ls−1∑

n=0

si[n] exp(−j
2πk′n

L′
s

)

=

{

M ′
∑Ls−1

n=0 si[n] exp
(

−j2πk
′n

L′

s

)

, 〈k′〉M ′ = i;

0, else.
(19)

Note that when k′ = M ′k+i with k = 0, 1, · · · , Ls−1, S′
i[k

′]
can be further simplified as

S′
i[k

′] = M ′
Ls−1∑

n=0

si[n] exp

(

−j
2π(M ′k + i)n

L′
s

)

= M ′

Ls−1∑

n=0

si[n]e
−j 2πin

L′
s exp

(

−j
2πkn

Ls

)

,

(20)

which can be seen as the k-th scaled Ls-DFT coeffi-

cient of a phase-shifted version of si, denoted by s̄i =

[s̄i[0], s̄i[1], · · · , s̄i[Ls − 1]] with s̄i[n] = si[n]e
−j 2πin

L′
s .

It is seen from above that time-domain extension of

the transmitted sequences enables multiple concurrent data

streams on non-intersect frequency points without mutual

interference. Following this philosophy, the proposed DE-MS-

QP waveform is constructed as Fig. 6. For the m-th subband

(m = 0, 1, · · · ,M − 1), the incoming ZC sequence bm is

repeated for M ′ times, yielding b′
m of length L′

m = LmM ′

formulated as

b′
m = [bm,bm, · · · ,bm]

︸ ︷︷ ︸

M ′ times

= [b′m[0], b′m[1], · · · , b′m[L′
m − 1]] ,

(21)

whose L′
m-DFT coefficients are denoted as B′

m[k′] (k′ =
0, 1, · · · , LmM ′ − 1). According to (18)-(19), the extended

ZC sequence only occupies the M ′k-th frequency points for

k = 0, 1, · · · , Lm − 1, in other words, B′
m[k′] = 0 for

〈k′〉M ′ 6= 0.

The resultant zero frequency points can be utilized

for data transmission. As presented in Fig. 6, totally

(M ′ − 1) Lm-length data sequences modulated with

the constellation alphabet M, expressed by si,m =
[si,m[0], si,m[1], · · · , si,m[Lm − 1]] for i = 1, 2, · · · ,M ′ − 1,

are periodically transmitted for M ′ times. Meanwhile, phase

rotation is imposed on each copy of the data sequence, yielding

the extended data sequence written as

s′i,m =
[
s′i,m,0, s

′
i,m,1, · · · , s′i,m,M ′−1

]

=
[
s′i,m[0], s′i,m[1], · · · , s′i,m[L′

m − 1]
]
,

(22)

where we have

s′i,m,g = ej 2πgi

M′ si,m. (23)
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Fig. 6. Diagram of sequence generation for each subband of the proposed DE-MS-QP waveform.

According to (18)-(19), s′i,m merely takes up the (M ′k + i)-
th frequency points (k = 0, 1, · · · , Lm − 1) by performing

an L′
m-DFT for i = 1, · · · ,M ′ − 1, respectively. Therefore,

the extended sensing and data sequences can be superposed

together without mutual interference, written as

x′
m[n] = b′m[n] +

M ′−1∑

i=1

s′i,m[n], n = 0, 1, · · · , L′
m − 1, (24)

which is then moved to the m-th subband utilizing the trans-

mitter structure in Fig. 3 for m = 0, 1, · · · ,M−1, respectively.

Finally, the proposed DE-MS-QP waveform is obtained by

adding up resultant signals on each subband, whose equivalent

baseband expression is formulated as

x′[n]
△
=

1√
N ′

M−1∑

m=0

e
j

(

2πf′

mn

N′
+φ̂m

)

1
√
L′
m

L′

m−1
∑

l=0

x′
m[l]×

sin
(

L′
mπ( n

N ′
− l

L′

m
)
)

sin
(

π( n
N ′

− l
L′

m
)
) e

jπ(L′

m−1)( n
N′

− l
L′
m

)
,

(25)

where N ′ = (
∑M−1

m=0 L′
m)+ML′

G denotes the length of x′[n],
and L′

G represents the length of GI in the frequency domain.

Besides, f ′
m is defined as

f ′
m =

{

(
∑m−1

i=0 L′
i) +mL′

G, 1 ≤ m ≤ M − 1;
0, m = 0.

(26)

The proposed DE-MS-QP waveform shares the same multi-

subband structure as the proposed MS-QP sequence, which

could achieve ultra-high-resolution ranging with cost-efficient

front-end devices. Besides, its radar sensing component can

be seen as periodical transmissions of the MS-QP sequence

for M ′ times, which is uncorrelated with the data component

since they occupy non-intersect frequency points. Therefore,

the DE-MS-QP waveform not only ensures desirable sensing

performances inherited from the MS-QP sequence, but also

supports simultaneous data transmission without interference

from the radar counterpart theoretically. Its communication

spectral efficiency can be formulated as

SE =
N ′ −ML′

G

N ′ + Lcp

× M ′ − 1

M ′
log2 |M| (bit/s/Hz), (27)

which considers the insertion of cyclic prefix (CP) of length

Lcp against the timing error or inter-symbol interference (ISI).

Remark 2: There is a trade-off in frequency resource allo-

cation between radar sensing and communication applications.

More specifically, with the increase of M ′, more independent

data symbol streams are transmitted in parallel, leading to

enhanced throughput at the cost of reduced power supply for

radar sensing, which may cause degradation of the sensing

performance. Explicitly, we assume equal power allocation

for M ′ different radar sensing or communication streams for

simplicity. Then the receiving SNR corresponding to the radar

sensing component of the proposed DE-MS-QP waveform can

be formulated as

SNRradar = 10 log10 Pr/(M
′Pw), (28)

where Pr and Pw denote the average power of the echo signals

and the noise components at the sensing receiver, respectively.

It is seen that SNRradar is degraded with the increase of M ′.

To elaborate a little further, with the increase of SNRradar,

the range and velocity estimation errors will finally converge

to the sensing resolution at a threshold SNR value. When

SNRradar exceeds this threshold, it is expected that the value

of M ′ can be enlarged for higher communication spectral

efficiency, without causing any degradation of the sensing

performance. The detailed investigation will be provided in

Section V.
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IV. RECEIVER PROCESSING TECHNIQUES

A. Receiver Design for Radar Sensing with the Proposed MS-

QP Sequence

For radar sensing applications using the proposed MS-QP

sequence, which is generated by the transmitter architecture in

Fig. 3, inverse operations can be performed at the receiver as

shown in Fig. 7. Firstly, the received echo signal is down-

converted and filtered to extract the signal components on

each subband, which are then sampled by cost-efficient A/Ds

with low sampling rate of 1/Tm for m = 0, 1, · · · ,M − 1,

respectively, leading to reduced hardware cost without the

need of the full-band A/D with sampling rate over tens of

GHz. Afterwards, following the principle of MS-QP sequence

construction introduced in Section III-A, the outputs of the

M subbands are utilized by the digital signal processing

(DSP) module to re-construct the digital form of the echoes

for radar sensing. To elaborate more, in practical, the coher-

ent processing interval (CPI) for radar sensing needs to be

sufficiently long to enhance the SNR at the radar receiver

against the severe path loss, which is assumed to contain Q
consecutive sequence transmissions. Considering the q-th N -

length transmission subblock, the outputs by the m-th A/D,

denoted as br,q,m = [br,q,m[0], br,q,m[1], · · · , br,q,m[Lm − 1]],
can be expressed as

br,q,m[n] ≈
I∑

i=1

(

bm[n−
⌊
Tm

Ts

τi

⌋

]ej
2πvinTm

Ts

)

+ wq,m[n],

(29)

where wq,m[n] is the noise term, and hardware imperfec-

tion components are omitted for brevity. br,m for m =
0, 1, · · · ,M − 1 are fed into the DSP module, and each

performs an Lm-point DFT to generate Br,q,m, respectively.

Then Br,q,m for m = 0, 1, · · · ,M − 1 are concatenated

together with the LG-length guard interval inserted between

any two neighbouring subbands, written as

Yq = [Br,q,0,0,Br,q,1,0, · · · ,Br,q,M−1,0] , (30)

where Yq is the frequency-domain echo signal of length N ,

and 0 denotes the LG-length all-zero vector. Finally, the q-th

received subblock for q = 0, 1, · · · , Q − 1, denoted as yq =
[yq[0], yq[1], · · · , yq[N − 1]], could be obtained by taking an

N -point IDFT of Yq , expressed as

yq[n] ≈
I∑

i=1

hiµrx[n− τi]e
j(2π(n+qN)vi) + w̃q[n], (31)

where w̃q[n] denotes the noise component. The received

subblocks are then used for target detection via range-Doppler-

matrix-based (RDM-based) algorithms [26]. As illustrated in

Fig. 8, the cyclic cross-correlation between each received sub-

block and the transmitted MS-QP sequence is firstly calculated

as

rq[n] =

N−1∑

i=0

yq[i]x
∗[i− n], n = 0, 1, · · · , N − 1. (32)

Then an FFT with size of Q0 = wQ (w is an arbitrary positive

integer) is performed on the correlation values at time instant
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( )y t
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×
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Fig. 7. Receiver diagram for MS-QP sequence collection.

n, i.e., rq[n] for q = 0, 1, · · · , Q− 1, formulated as

R(n, k) =

Q−1
∑

q=0

rq[n]e
−j 2πqk

Q0 , (33)

which is defined as the (n, k)-th RDM element for n =
0, 1, · · · , N−1 and k = 0, 1, · · · , Q0−1. Afterwards, R(n, k)
is utilized for target detection via constant false alarm rate

(CFAR) approaches [51], written as

H1 :
‖R(n, k)‖2

λ̂(n, k)
≥ Γ H0 :

‖R(n, k)‖2

λ̂(n, k)
< Γ, (34)

where H1 and H0 represent the hypothesis for the presence or

absence of a target at the (n, k)-th cell, respectively. λ̂(n, k)
and Γ denote the estimated average noise floor at the (n, k)-th
cell and the decision threshold. Readers are referred to [26]

and references therein for more details.

In the mmWave and low-THz bands, strong Doppler shift

is likely to induce high sidelobes on the range profile, which

could be wrongly detected as targets by the classical CFAR

approach, if satisfying the hypothesis H1. To address this issue,

we notice that different targets are unlikely to be located too

closely in practical, which indicates that there hardly exists

other target within the neighbourhood of the already detected

target corresponding to the main peak. This inspires us to move

the dominant sidelobes caused by the Doppler shift into the

neighbourhood of the main peak, and then we could exclude

them from the real targets, leading to reduction of the possible

false alarms. More specifically, the root indices of bm (m =
0, 1, · · · ,M − 1) are set as pm ∈ {1, Lm−1

2 , Lm+1
2 , Lm − 1}

to concentrate the dominant sidelobes closely around the main

peaks on the range profile. Then a target detection criterion,

named as Target Exclusion nearby the Main Peak (TEMP), is

proposed by assuming no other reflector nearby the detected

target corresponding to the main peak at R(n̂, k̂), i.e., no target

within the interval [n̂− n̄, n̂)∪(n̂, n̂+ n̄]. Here n̄ is a positive

integer parameter determined empirically. By employing the

proposed TEMP strategy, the procedure of target detection is

modified as Algorithm 1.

After target detection, the range and velocity

estimates of the targets corresponding to I =
{(n̂0, kn̂0), (n̂1, kn̂1), · · · , (n̂I−1, kn̂I−1)} obtained in
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Fig. 8. Receiver processing techniques for radar sensing, where “Corr.” is referred to as the cyclic correlation operation.

Algorithm 1, denoted as d̂i and ûi for i = 0, 1, · · · , I − 1,

can be calculated by [26]

d̂i =
c0n̂iTs

2
, (35)

ûi =

{
c0k̂n̂i

/(2Q0NfcTs), k̂n̂i
< Q0

2 ;

c0(k̂n̂i
−Q0)/(2Q0NfcTs), k̂n̂i

≥ Q0

2 .
(36)

B. Receiver Design for JRC Applications with the Proposed

DE-MS-QP Waveform

Similar procedures can be employed to process the re-

ceived DE-MS-QP signals for radar sensing, including low-

rate A/D operations on each subbands and correlation-based

RDM calculation, etc. In RDM calculation, one straightfor-

ward way is to directly perform the cyclic correlations of

length N ′ = M ′N between the received signals and the

extended MS-QP sequence. However, it suffers from large

computational complexity for cyclic correlations, calculated as

O((M ′N)
2
) in terms of complex multiplications, and cannot

support flexible adjustment of M ′ since the correlation length

changes with M ′. To this end, each received DE-MS-QP

frame is divided into M ′ length-N subblocks, where cyclic

correlation of length N between each subblock and the MS-

QP sequence is directly applied. These correlation results are

then utilized for radar sensing as described in Section IV-A,

which is omitted for brevity. This proposed enhancement not

only reduces the correlation complexity of the radar receiver to

O(M ′N2), but enables flexible parameter adjustment as well.

Moreover, the cross-correlation between data components of

the echoes and the MS-QP sequence is usually small when N
is sufficiently large, as validated in [52], thus posing marginal

impact on radar sensing.

Algorithm 1 Target Detection Algorithm based on the Pro-

posed TEMP Strategy

Require: The RDM elements R(n, k), Estimates of the aver-

age noise floor at the (k,m)-th cell λ̂(k,m), the decision

threshold Γ, the positive integer parameter Q0, n̄ and N ;

Ensure: The set I containing RDM coordinates of the de-

tected targets determining their corresponding round-trip

delays and Doppler shifts;

1: I = ∅;

2: for (n = 0;n ≤ N − 1;n++) do

3: k̂n = arg max
0≤kn≤Q0−1

‖R(n, kn)‖;

4: end for

5: m = 0;

6: N (0) = {0, 1, · · · , N − 1};

7: repeat

8: n̂(m) = arg max
n∈N (m)

∥
∥
∥R(n, k̂n)

∥
∥
∥;

9: if
‖R(n̂(m),k̂

n̂(m) )‖2

λ̂(n̂(m),k̂
n̂(m) )

≥ Γ then

10: I = I ∨ {(n̂(m), k̂n̂(m))};

11: N− =
{
n | n ∈ [n̂(m) − n̄, n̂(m) + n̄]

}
;

12: N (m+1) = N (m) \ N−;

13: else

14: N (m+1) = N (m) \ {n̂(m)};

15: end if

16: m++
17: until (N (m) = ∅)

18: return I;

On the other hand, the data symbols can be demodulated

at the communication receiver without interference from

sensing sequences, as presented in Fig. 9. Explicitly,
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Fig. 9. Demodulator diagram for each subband of the proposed DE-MS-QP
waveform at the communication receiver. The frequency-domain equalizer is
abbreviated as “EQ”.

we assume that each CPI contains Q′ times consecutive

transmission of the DE-MS-QP waveform. Then the

frequency-domain components on the m-th subband

of the q-th received subblock can be obtained as

Y′
m,q =

[
Y ′
m,q[0], Y

′
m,q[1], · · · , Y ′

m,q[L
′
m − 1]

]
for

q = 0, 1, · · · , Q′ − 1 and m = 0, 1, · · · ,M − 1.

The radar sensing component is firstly extracted as

Y′
0,m,q =

[
Y ′
m,q[0], Y

′
m,q[M

′], · · · , Y ′
m,q[(Lm − 1)M ′]

]
,

which could be employed for channel estimation to

save additional pilot overhead. With the knowledge

of channel state information, the data components of

the (M ′ − 1) data streams, denoted by Y′
i,m,q =

[
Y ′
m,q[i], Y

′
m,q[M

′ + i], · · · , Y ′
m,q[(Lm − 1)M ′ + i]

]
for

i = 1, 2, · · · ,M ′ − 1, are equalized, and then transformed

to time domain using Lm-IFFT operations, yielding

y′
i,m,q =

[
y′i,m,q[0], y

′
i,m,q[1], · · · , y′i,m,q[Lm − 1]

]
,

respectively. According to (20) and (25), phase adjustment is

performed on each element of y′
i,m,q for i = 1, 2, · · · ,M ′−1,

written as

y′′i,m,q[n] = y′i,m,q[n]× e
j( 2πin

L′
m

−φ̂m)
, n = 0, 1, · · · , Lm − 1,

(37)

which is finally demodulated with a maximum-likelihood

(ML) detector.

V. NUMERICAL RESULTS

In this section, a sub-mmWave JRC system with the carrier

frequency of 240 GHz is considered. We firstly evaluate

the feasibility of proposed root index design for the MS-

QP sequence together with TEMP strategy in radar sensing.

Afterwards, the accuracy of target ranging and velocity esti-

mation is compared between the proposed waveforms and the

classical counterparts, including ZC sequences [39] and LFM

signals [53]. Moreover, the performance trade-off between

radar sensing and communication of the proposed DE-MS-

QP waveform is also explored numerically. In simulations, the

symbol rate of different candidate sequences is assumed to be

equal to the transmission bandwidth according to the Nyquist

theory. Furthermore, in order to simulate the fractional time

delay and shaping filtering, 4-times upsampling is performed

on the transmitted signals, where the round-trip delay and low-

pass filtering are imposed at the higher sampling rate. On the

other hand, the echo signals at the receiver will be down-
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Fig. 10. False alarm rate of radar sensing using MS-QP sequences
with/without the proposed root index design, where the proposed TEMP
strategy is applied for target detection in both cases.

sampled to the original symbol rate for further radar detection

[26]. Besides, for hardware imperfections, the random varia-

tion term for phase noise ∆θn follows Gaussian distribution

written as N (0, (0.3◦)2), and the RX amplitude and phase

imbalances are set as ǫr = 0.2 and φr = 10◦, respectively

[25]. Finally, we define “SNR” in simulation results as the

receiving SNR corresponding to the echo signal, calculated as

the ratio between the power of echoes and noise at the radar

receiver.

Figure 10 illustrates the false alarm rate of radar sensing

with respect to Γ using the proposed MS-QP sequence and

the TEMP detection strategy with n̄ = 20, with/without

the proposed root index design against Doppler shift. In

simulations, the SNR at the radar receiver is set as −40 dB.

Besides, we consider totally 3 targets with velocity of 20
m/s, randomly distributed in [0, 10] m from the JRC platform,

where the distances between neighbouring targets are assumed

to be no less than 0.3 m. Moreover, the number of subbands for

the proposed MS-QP sequence is set as M = 10. The lengths

of GIs between adjacent subbands and the ZC subsequences

are set as LG = 100 and Lm = 10007 for m = 0, 1, · · · , 9,

respectively. Here we assume that the MS-QP sequence is

repetitively transmitted for Q = 100 times in each CPI. Then

it is seen in Fig. 10 that, when pm = 3 for different ZC

subsequences, there exists a severe floor of the false alarm

rate as Γ increases, which is induced by the dominant range

sidelobes from Doppler shift. On the other hand, with proposed

root index design pm ∈ {5003, 5004, 1, 10006}, the probabil-

ity of false alarms declines rapidly with the increase of Γ, all

attaining significant performance gain of target detection over

their counterpart of pm = 3. This shows superior robustness of

the MS-QP sequence with proposed root index design against

Doppler shift effects. Furthermore, pm ∈ {1, 10006} achieves

lower false alarm rate than pm ∈ {5003, 5004}, since the

former concentrates the dominant sidelobes closer to the main

peak than the latter.

Figures 11(a) and 11(b) present the accuracy comparison

of the target ranging and velocity estimation between the

proposed MS-QP sequence and its classical counterparts. In
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Fig. 11. Performance comparison of target ranging and velocity estimation between the proposed waveforms and their classical counterparts, where SNR is
referred to as the signal-to-noise ratio at the radar receiver.

simulations, the target range and relative velocity are randomly

distributed in [0, 3] m and [−20, 20] m/s, respectively. For

different waveforms, each CPI contains Q = 1024 period-

ical sequence transmissions, and the duration per sequence

transmission is fixed as 1.1077 µs. An MS-QP sequence of

N = 11077 is considered, which is constituted by M = 10
identical ZC sequences with the length and root index equal

to 1007 and 503, on different subbands divided by GIs of

LG = 100, taking up 10-GHz bandwidth in total. On the

other hand, ZC sequences and LFM signals are also considered

for radar sensing: 1) a narrow-band ZC sequence of 1 GHz

bandwidth, with the length and root index equalling 1007 and

503; 2) a wide-band ZC sequence of 10 GHz bandwidth, with

the length and root index equalling 11077 and 5538; 3) an

LFM waveform of 1-GHz bandwidth, with pulse length of

1.1077 µs; 4) an LFM waveform of 10-GHz bandwidth, with

pulse length of 1.1077 µs. It can be observed in Fig. 11(a)

that, the MS-QP sequence is capable of significantly reducing

the average ranging error by about 20 dB compared with the

narrow-band ZC sequence and LFM signals, both using 1-

GHz A/Ds at the SNRs over −55 dB. Besides, as is illustrated

in Figs. 11(a) and 11(b), in comparison with the wide-band

ZC sequences and LFM signals requiring a full-band 10-GHz

A/D, the proposed MS-QP sequence is capable of achieving

the same estimation error of target range and velocity, obtained

as 0.004 m and 0.06 m/s over −55-dB SNRs, with comparable

radar processing complexity and the only need of several

cost-efficient 1-GHz A/Ds.. Although the constant-amplitude

property is lost compared with its classical counterparts, the

proposed MS-QP sequence manages to attain an acceptable

level of PAPR as 6.6 dB with the aid of phase rotation on

different subbands, achieving 7 dB PAPR reduction than that

without phase rotation, calculated as 13.7 dB. Additionally, the

sensing performance of the proposed DE-MS-QP waveform

with M ′ = 2 is also simulated, which is constructed based

on the MS-QP sequence considered above, and utilizes QPSK

for modulation. Besides, Q′ = Q/M ′ = 512 consecutive DE-

MS-QP frames are contained in each CPI, with CP added at

the beginning of each frame, whose length is set as 1% of the

DE-MS-QP frame. Although the received SNR of the sensing

sequences is degraded by 3 dB thanks to the embedded data

consuming half of the transmit power, the proposed DE-MS-

QP waveform is still capable of attaining low estimation errors

of target range and velocity, i.e., 0.004 m and 0.06 m/s at

SNRs over −52 dB. Meanwhile, it supports high-rate data

transmission of about 10 Gb/s.

Figures 12(a) and 12(b) illustrate the sensing performance

of the proposed DE-MS-QP waveform with respect to 1/M ′,

which denotes the proportion of frequency resources dis-

tributed for radar sensing. In the simulation, the parameter

settings are the same as those in Figs. 11(a) and 11(b)

except for the value of M ′. Firstly, according to (27), the

communication spectral efficiency gradually improves with the

increase of M ′ (or decrease of 1/M ′). On the other hand,

it is observed that, at the SNRs of −50 and −47 dB, the

sensing performance is degraded with the decrease of 1/M ′

when 1/M ′ is smaller than 0.25 and 0.1, respectively, despite

the enhanced communication spectral efficiency. This is due

to the reduction of power supply for the sensing application.

On the other hand, when 1/M ′ is larger than 0.25 and 0.1 for

SNR values of −50 and −47 dB, the estimation errors of target

range and velocity will not deteriorate with the decrease of

1/M ′, remaining to be below 0.01 m and 0.1 m/s, respectively.

Hence, it is concluded that there exists a unique threshold of

M ′ (or 1/M ′) for different received SNRs, i.e., 4 and 10 for

−50 and −47 dB SNRs. This threshold becomes larger with

the increase of the received SNR, and even reaches over 20 at

the SNR of −44 dB. The performance of radar sensing will
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Fig. 12. Sensing performances of the DE-MS-QP waveform with respect to 1/M ′ under different SNRs at the radar receiver.

not be affected by the enlargement of M ′ until exceeding the

threshold. Therefore, M ′ could be set as this threshold value

(determined numerically) in order to realize the best trade-

off of frequency resource allocation, guaranteeing superior

sensing performance and data throughput simultaneously. For

instance, when the received SNR equals −47 dB, the proposed

DE-MS-QP sequence is capable of achieving accurate target

ranging and velocity estimation with only 1/10 of the available

frequency resources, whilst the rest can be employed for high-

rate data transmission, which approaches 16 Gb/s with QPSK

modulation.

Finally, Fig. 13 presents the bit-error rate (BER) perfor-

mance of the proposed DE-MS-QP waveform versus receiving

SNR at the user side, which considers different values of

M ′. In the simulation, we assume perfect channel estimation

and phase tracking for the communication subsystem. It is

seen that, the data throughput is improved with the increase

of M ′, at the cost of BER performance degradation. For

instance, the proposed DE-MS-QP waveform could enhance

0.72 bit/s/Hz spectral efficiency by tuning M ′ from 2 to

10, whilst leading to 1 dB performance loss at the BER of

10−3 at the same time. This shows an interesting trade-off

between the BER performance and the data throughput of

the DE-MS-QP waveform. Besides, compared with classical

OFDM, there is about 1 dB performance loss at the BER of

10−3 of the proposed DE-MS-QP waveform compared with

classical OFDM, at the spectral efficiency of 1.6 bit/s/Hz.

However, the OFDM waveform inherently suffers from high

PAPR issue, causing severe nonlinear distortions especially

for mmWave/THz-band power amplifiers. Moreover, unlike

the proposed DE-MS-QP waveform, a full-band A/D of 10-

GHz sampling rate is required at the OFDM receiver, leading

to higher hardware cost. By considering the merits over

OFDM, the slight performance loss of the proposed DE-MS-

QP waveform is acceptable, which is more suitable for JRC

applications in the mmWave/THz scale.

VI. CONCLUSIONS AND FUTURE PROSPECTS

To overcome the technical challenges of radar sensing

and communication convergence at mmWave and low-THz

frequencies, the waveform design issue is investigated in this

paper. For TDD-based JRC systems, we propose the MS-

QP sequence with broad bandwidth for radar sensing, which

incorporates multiple ZC sequences on different subbands in

the mmWave/THz scale. The proposed MS-QP sequence could

achieve ultra-high-resolution sensing only with cost-efficient

A/Ds with low sampling rate, whose transceiver structure is

also compatible with state-of-the-art subband filtered commu-

nication systems. Furthermore, to mitigate strong Doppler shift

effects on target detection, the root indices of ZC subsequences

on different subbands of the MS-QP sequence is designed to

concentrate the dominant sidelobes closely around the main

peak on the range profile. Then false alarms induced by

Doppler shifts can be eliminated by further invoking the TEMP

strategy. Moreover, to support simultaneous radar sensing and

data transmission, the DE-MS-QP waveform is developed

based on time-domain extension of the MS-QP sequence,

where the sensing and data components are modulated on non-

intersect frequency points, thus avoiding mutual interference.

Numerical results demonstrate the superiority of the pro-

posed root index design for MS-QP sequences in terms of the

false alarm rate, and that the proposed MS-QP and DE-MS-

QP waveforms are capable of attaining ultra-high-resolution

ranging and velocity estimation under extremely noisy en-

vironment. Meanwhile, cheaper hardware is required by the

proposed waveforms than their classical counterparts with

the same sensing performance. Moreover, flexible resource

allocation between the dual functions of the JRC system is
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supported by the proposed DE-MS-QP waveform, where the

optimal parameter design is obtained numerically, enabling

accurate target sensing and high-rate communication at the

same time.

There exist open issues for the proposed waveform design.

Firstly, without the need of full-band A/D with sampling rate

over tens of GHz, the implementation cost of the proposed

waveform can be reduced. However, practical use of multiple

low-rate A/Ds in parallel could induce synchronization errors

of time, frequency and phase. This trade-off between hardware

cost and performance loss caused by the synchronization issue

should be explored, and hardware/software-based calibration

schemes against the synchronization issue of A/Ds also need

investigation. Secondly, the values of N and Lm for the MS-

QP sequence should be large enough to fight against the

severe path loss, which, however, leads to stronger Doppler

shift effects. This trade-off in parameter setting of the MS-

QP sequence requires further exploration. Finally, the current

waveform design is not robust enough to channel estimation

errors and Doppler shifts in terms of communication per-

formance. Whilst imperfect channel estimation is a common

issue for wireless communications, the Doppler shift can

cause mutual interference between the frequency points within

each subband of the proposed DE-MS-QP waveform, leading

to difficulty in decoupling the parallel data streams. One

possible solution is to integrate the philosophy of differential

encoding, which can remove the channel fading coefficient

plus the Doppler shift term by differential operations. The in-

depth analysis for the impacts of channel estimation errors

and Doppler shift will be side aside as our future work.

Furthermore, the proposed JRC waveform design will be also

enhanced for better communication robustness.
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