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Abstract—Recently researchers have been attracted by the joint
communication and sensing (JCS) techniques, due to their diverse
benefits in communication-sensing applications. By sharing the
spectrum and hardware components, the advantages of JCS
systems include enhanced spectrum efficiency and reduced device
costs. Following the trend of scaling up the carrier frequencies for
5G and beyond, Terahertz (THz) band is envisioned as a promising
chunk of spectrum featuring multi-GHz bandwidth windows.
However, despite the great promise, the waveform design for THz
JCS is still not explored enough. In this work, the design guidelines
for THz JCS waveform are presented. With the help of these guide-
lines, a non-uniform multi-wideband orthogonal frequency division
multiplexing (NMW-OFDM) THz system is proposed to overcome
the limitations of OFDM based JCS. The proposed NMW-OFDM
system is able to realize sub-millimeter-level accuracy of the range
estimation by using a multi-stage sensing algorithm, which is three
orders of magnitude improvement compared to the OFDM-based
JCS system. In addition, the accuracy of velocity estimation can
be enhanced by 10 times within a short frame time. Finally, the
system can achieve unprecedented communication data rate of 100
Gbps without sacrificing the maximum detectable distance.

I. INTRODUCTION

N recent years, with the exhaustion of spectrum resources in

the microwave band and an increasing demand of wireless
transmission with ultra-fast data rate and large density of
connectivity, the adoption of higher spectrum is motivated.
Following this trend of moving up the carrier frequencies, the
Terahertz (THz) band (0.1-10 THz) is regarded as one of key
chunks of spectrum in 5G and beyond communication systems.
For example, new experimental licenses (95 GHz and 3 THz)
have been recently opened up by the Federal Communication
Commission (FCC) [1]. Owing to its ultra-broad bandwidth, the
THz band has the potential to satisfy the requirements of the
new generations of wireless communication systems.

In addition to communications with electromagnetic waves,
the radio spectrum has also been widely used in the perception
of the surrounding physical environment via sensing the echo
of the transmitted signals reflected by objects [2]. Recently,
attention has been drawn on joint communication and sensing
(JCS) techniques, especially in the applications requiring dual-
function of communication and sensing. Indoor JCS applica-
tions include wireless virtual/augmented reality (VR/AR) that
implements ultra-fast data stream and posture recognition of
human bodies. In outdoor scenarios, JCS techniques can be ap-
plied in automotive and unmanned aerial vehicles (UAVs). The
employment of radar in these systems facilitates the detection

of the targeted vehicles and contributes to the realization of
autonomous/assisted driving, which performs better than light
detection and ranging (LIDAR) or cameras at night. In this
paper, we focus on THz joint communication and radar sensing,
which estimates the range/velocity of the object by using the
backscattered communication signals.

A popular approach to JCS is the multi-carrier waveform
based on Orthogonal Frequency Division Multiplexing (OFDM)
[3]-[6], which is also investigated in the millimeter wave
(mmWave) band combined with multi-beam techniques using
antenna arrays [7]. Furthermore, Orthogonal Time Frequency
Space (OTFS) based JCS is proposed in [8] and shows higher
data rate than OFDM, as well as robustness to Doppler effects,
but introduces non-negligible cost in terms of receiver com-
plexity. In addition, the spread spectrum single-carrier approach
has also been studied in [3] and some radar-centric waveforms
that cannot support high data rate are introduced in [9]. When
it comes to THz frequencies, while the vehicular JCS in low
THz bands is experimented with the time-sharing approach in
[10], the THz JCS waveform design has not been investigated
yet. With the hybrid beamforming and multiple-input-multiple-
output (MIMO) techniques, THz OFDM is of great significance
for THz communications over frequency selective channels
[11]. However, the THz JCS based on OFDM is still an open
issue due to the propagation peculiarities in the THz band [10].

In this paper, we propose a THz JCS framework using a
tailored non-uniform multi-wideband OFDM (NMW-OFDM)
waveform. To the best of our knowledge, our work is the
first one to focus on THz joint communication and sensing
waveform design. The distinctive contributions of this work are
summarized as follows.

e We present the design guidelines for THz JCS, which
demonstrate that the OFDM system with single config-
uration in one wideband cannot satisfy the requirements
of THz JCS. Motivated by these guidelines, we propose
a novel NMW-OFDM system, where multiple OFDM
waveforms in each multi-wideband are produced with non-
uniform subcarrier spacing parameters and then super-
posed. The proposed system is expected to take advantage
of the long detectable distance from the small subcarrier
spacing and the high sensing accuracy from the large
subcarrier spacing.

« We present a multi-stage sensing algorithm tailored for
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Fig. 1. Block diagram of the proposed NMW-OFDM system for THz JCS.

the NMW-OFDM THz system. This algorithm makes full
use of the strengths of multiple sensing estimators with
various detectable range and estimation accuracy, which
estimate the target status from the received data frames in
different subbands. Our simulations show that the proposed
system, when utilizing the proposed algorithm, can realize
sub-millimeter-level accuracy for range estimation, which
is a three orders of magnitude improvement, compared
to OFDM. In addition, the proposed system can achieve
unprecedented data rate of 100 Gbps, which is significantly
higher than that of the mmWave OFDM system.

The structure of this paper is organized as follows. The
channel model and design guidelines for THz JCS are presented
in Section II. In Section III, a novel NMW-OFDM THz system
and a multi-stage sensing algorithm are proposed. In Section IV,
the numerical results are carried out. Finally, the paper is
concluded in Section V.

II. CHANNEL MODEL AND DESIGN GUIDELINES FOR
TERAHERTZ JCS

A. Channel Model

Consider the radar return is reflected by P targets, whose
distance away from the transmitter is r, with the relative
velocity v,. The radar channel model is described by a multi-
path time-variant impulse response

P
hraa(t,7) = Z apejzmpt(;(r —Tp) (1

p=1

where each target return corresponds to a reflected path with
the path gain «, delay 7, = 2@%, and Doppler shift v, = 2’;“%
co and f. denote the speed of light and the carrier frequency,
respectively. The path gain of the signal power is characterized
by the THz channel model [12].

B. Design Guidelines

The range estimation in the frequency domain can be cate-
gorized as the following problem. Consider a sum of complex
exponential signals buried in noise

P
z(n) = E:APej“”’ejz”"”p +w(n) n=0,--

p=1

N -1 (2

where the amplitude A and the phase @ are independent
of A; and ¢ if k # [, w is assumed to be additive white
Gaussian noise (AWGN), w ~ CN(0,0°I), c is a constant.
The problem is to estimate 7, from z(n). Evidently, if the real
Tp is not limited to some interval, the estimation result 7, can
be estimated as the approximated values of 7, + %(k‘ € Z). This
implies that the estimation result is only non-ambiguous in the
presence of the constraint ’%0 <7p < ko—jl, where kg is some
integer. Meanwhile, we can learn that the variance of 7, can be
reduced by increasing the coefficient c.

In the range estimation, the coefficient ¢ is determined by
the subcarrier spacing A f. Therefore, a feature of the OFDM
based THz JCS is the periodicity of the radar range profile,
which results in a maximum unambiguous range [4]
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oA f

This is not a significant issue in the mmWave band, since
the subcarrier spacing is small, and the maximum detectable
distance is in the range of several hundreds of meters. In
addition, the variance of the estimation error is proportional
to 1/(Af)2. From the above problem, we present the design
guidelines for THz JCS here. If we want to make use of large
bandwidth with OFDM radar in the THz band, it will become
a challenge to maintain long maximum detectable range. It
seems that the detectable distance and the sensing accuracy are
contradictory for THz JCS. This feature guides us to consider
a multi-wideband design, where some subbands with small
subcarrier spacing are used to keep the ability of long detectable
range and other subbands with large subcarrier spacing can
improve the sensing accuracy and data rate, i.e., the subcarrier
spacing in each subbands is non-uniform.

3)

dmax =

III. THE PROPOSED NMW-OFDM SYSTEM

In this section, we propose a non-uniform multi-wideband
OFDM system and a multi-stage sensing algorithm to increase
the maximum unambiguous range and the estimation accuracy
for JCS in the THz band.

A. System Model

As is shown in Fig. 1, the sensing and communication
modules share the common hardware from data source to
transmitting antenna arrays at the transmitter end.

In the NMW-OFDM system, the total transmission band
is divided into K subbands, whose ]garameters are indepen-
dently configured with {B;, Af;, T,", T) Ti, N;, My} i =
1,2,--- , K, where Bi,Afi,Téz),ﬂ(g),ﬂ,NhMi refer to the
bandwidth, subcarrier spacing, symbol duration, cyclic prefix,
total symbol duration, number of subcarriers and number of
symbols for one data frame in the i" subband, respectively.
Meanwhile, guard intervals B between adjacent subbands are
reserved to reduce the inter-subband interference and guard
bands Bg at both edges of the total transmission band are intro-
duced to prevent out-of-band interference. Therefore, the whole
bandwidth equals to the sum of the bandwidths of K subbands
and the guard bands, B = Y| B; + 2B + (K — 1)Bg.



In the OFDM system, a transmitted OFDM data frame
is denoted by X[n,m] € M(n = 0,1,---,N — 1,m =
0,1,---,M — 1), where N and M are the number of sub-
carriers and symbols in the transmitted frame, M is a mod-
ulation alphabet and determined by the modulation scheme,
such as quadrature amplitude modulation (QAM) and phase
shift keying (PSK). For instance, in 4-QAM modulation, the
alphabet is given by M = {:t@ + gj}

In Fig. 1, the mapped information symbols form K data
frames and the i data frame X;[n,m|(n =0,1,--- ,N;,m =
0,1,---,M;) is composed of N; rows and M; columns. Then
X; is modulated by the OFDM modulation with the parameter
set of the i subband and generates a baseband signal,

M;—1N;— ' T
Ti Z Z X Tl m] (Czin> ]27T71Af7(f T(l)_mT)

m=0 n=0 v
“)
where X;[n, m] denotes the symbol of X; modulated on the
n'™ subcarrier at m™ time slot in the " subband, rect(t) is a
rectangular pulse of unit duration and equals to 1 for [¢| < %
and 0O for others. In the OFDM system, a cyclic prefix (CP)
is introduced as a guard interval of duration Tc(g Therefore,
the total duration of OFDM symbol 7; is the sum of original
symbol duration T( R and duration of CP Tcp), where T(’) has
a relationship with the sub-carrier spacing, T( Do 1
To avoid the inter-symbol interference (ISI) and the inter-
carrier interference (ICI), the subcarrier spacing A f is required
to satisfy vm < Af < B, i.e., the subcarrier spacing should
be much larger than the maximum Doppler shift v, and
lower than the coherence bandwidth B, of the communication
channel. For the radar detection, the delay spread between
multiple targets should be smaller than Téz) and TC(;).
After OFDM modulations, The K baseband signals is shifted
to the different subbands with the centering frequency f; =
Bg + 22;11 B;+ (i—1)Bg + %Bi and then superposed as

K
0= al)

The transmitted signal is reflected by P targets and produces
the backscattered signal at the radar receiver. At the receiver
side, the band-pass filter is used to obtain K baseband signals
from the K subbands. The i baseband signal is demodulated
by OFDM demodulation with the i parameter set. Totally,
K received data frames Y;(i = 1,2,--- , K) are obtained to
estimate the target distances. The i received data frame is

Yi[n,m] = H;[n,m]X;[n, m] + W;[n, m] (6)

el2mfit (5)

where Yi[n m| refers to the symbol of Y; demodulated
from the n'™ subcarrier at m™ time slot in the i subband,
H;[n,m] = Zz}: L el i2mvemTi e =2nTanA i g essentially

the frequency domain channel response, qﬁg) denotes the phase
term that is independent of the subcarrier and symbol index,
and W;[n,m] refers to the AWGN.

From the design guideline in Section II, we know that the
range estimation through different received data frames can
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Fig. 2. The block diagram of the multi-stage sensing algorithm in the NMW-
OFDM System.

have different estimation accuracy and maximum ambiguous
range, due to the use of multiple widebands with the con-
figuration of non-uniform bandwidth and subcarrier spacing.
Specifically, one subband with smaller subcarrier spacing can
provide longer unambiguous range and another one with larger
subcarrier spacing is able to achieve higher estimation accuracy.
By combining them together, the overall system can take full
advantage of their strengths.

B. Multi-Stage Sensing Algorithm

From each received frames in the NMW-OFDM system, we
build K sensing processors with different unambiguous range
and estimation accuracy, each of which obtains an estimated
range and velocity of the target. Therefore, we propose a multi-
stage sensing algorithm tailored for the NMW-OFDM system.

The block diagram of the multi-stage sensing algorithm is
described in Fig. 2. We suppose that Af; < Afo < --- < Afg.
First of all, K received data frames are demodulated from
the OFDM demodulation with different parameter sets. For
the first sensing processor, the received data frame Y; is used
to estimate the targeted path distance r. Suppose that the
maximum unambiguous range of the first sensing processor dy
is equal to dpax, which is longer than r, it has no ambiguity
and outputs an estimated distance r(!). While the maximum
unambiguous range of the second processor do is likely to
be smaller than the real targeted distance r, which causes the
ambiguity of the range estimation, knowledge of () from the
first sensing processor is able to remove the ambiguity and helps

the second one output an estimated value r(z),
(1)
D = [T dy @ 7)
da

where |- | denotes the floor function and r'(?) < dj refers to the
ambiguous estimation of the second processor without knowing
(1), Then by cascading the K sensing processors and regarding
the output of the previous processor as the input of the next one,
the hierarchical sensing algorithm is implemented. The detailed
procedure is stated in Algorithm 1.

The output of the multi-stage sensing algorithm is a linear
combination of the estimated values from K sensing pro-
cessors, which minimizes the estimation error. Next we de-
scribe how to select the weights of the sensing processors. In
an AWGN channel, the Cramér-Rao lower bounds (CRLBs)



Algorithm 1: Multi-Stage Sensing Algorithm

Input: Received data frames: Y;; Sensing processors:
g;; Maximum unambiguous range d;; Weights of

sensing processors: a;,b; i =1,2,--- , K)
Output: Estimated range 7 and velocity ©
Initialization;
Hm@ﬂMNU:gmnyM>em@¢
fori:=2,--- K do

HM(Mu%: 1 (Y1), 7' €[0,dy);
Calculate (") = [ Y Jd + (),

end
return 7 = 3% a6 =3 b

for the estimation variance using i" i
i _ 6 c 3 —
Var [r)] = SR (N2 CL) N (47rﬁfi) and Var [v)] =

2
VLN, <4ﬂ%f‘> [8], where SNR; represents the

estimator are given by

6
SNRi.(Mf—1

signal-to-noise ratio (SNR) of the i received data frame.
We formulate the optimized lower bound combining (OLBC)
problem as

ZbQVar { @ )]

min Var
awa

ZaQVar[ ()} Var [0
K . 1K

Zai = ].,Zlh =1

i=1 i=1

®)

When Var[r®] < Var[r®](i = 1,2,--- , K — 1), by using the

method of Lagrange multipliers, we obtain
1

{l,i:Kb Va[o @] o
a; ~ . s U = K 1
0 't # K Zi:l Var[v(i)]

IV. NUMERICAL RESULTS

In this section, we provide the simulation results to illustrate
the performance of the proposed NMW-OFDM system as
compared with the OFDM system in the THz band. The carrier
frequency f. is set to 0.3 THz. We assume that the maximum
subcarrier spacing A fp.x is 192 MHz, since the coherence
bandwidth is considered to be less than 200 MHz. The OFDM
frame time 7T'; is not over 5.34 us, which contributes to low
sensing latency and small symbol number. These values are
taken in order to make all V; and M; exactly the exponents with
the base of 2 when the maximum detectable distance equals
to 100 m. We consider 32 subcarriers in range and velocity
estimation to reduce the computational cost of the Monte-Carlo
simulations. The reference target velocity is set to 20 m/s. We
use the metric root mean square error (RMSE) to quantify the
estimation accuracy of radar sensing.

A. Range Estimation

In Fig. 3, we show the curve of RMSE versus SNR in the
range estimation, where the maximum detectable distance is

100 m and the range of the reference target is 60 m. Our
results indicate that the RMSE of the NMW-OFDM system
can achieve 10% m at low SNR and 10° m at high SNR,
which is three orders of magnitude improvement compared to
the OFDM system. According to the CRLB, the estimation
error is inversely proportional to the subcarrier spacing and also
can be reduced by increasing the symbol number with shorter
symbol duration and fixed frame time. Therefore, the ultra-
high accuracy of NMW-OFDM results from the large subcarrier
spacing in the widest subband. Meanwhile, the waveform using
the narrow subcarrier spacing in the first subband maintains the
ability of a long unambiguous range detection. In addition, as
visible in Fig. 3, the accuracy of NMW-OFDM with K = 3 is
higher than the one obtained with K =2 at SNR of -4 dB, while
the latter becomes as large as the one achieved by the OFDM
system. When the SNR is below a certain threshold, the error
of the estimator g; employing the first subband may become
large and obtain wrong estimated intervals for the remaining
estimators in the multi-stage sensing algorithm. In this case,
the accuracy of the proposed algorithm is the same as that the
one achieved using only the first estimator, i.e., the accuracy
of OFDM. By increasing the number of subbands, this SNR
threshold can be reduced. In addition, we show the RMSE of
a uniform multi-wideband OFDM (MW-OFDM) system with
10 subbands that have the same subcarrier spacing. While it
can improve the range estimation accuracy by several times
compared to the OFDM system, it is still much lower than
that of NMW-OFDM system, since the use of non-uniform
subcarrier spacing can provide the ultra-high accuracy.

In Fig. 4, different mappers are compared for the maximum
detectable distance set to 12.5 m. The simulation results indicate
that the RMSE of range estimation is increased when using
higher-order QAM mappers. In order to conduct radar sensing,
we first need to calculate the element-wise result of received
data frames divided by the transmitting data frames. Under
the 16-QAM modulation, the noise component is divided by
different magnitudes of symbols and has a larger variance,
which reduces the estimation accuracy. By comparing Fig. 3 and
Fig. 4, it can be derived that the gap in estimation accuracies
between the OFDM and NMW-OFDM systems is reduced when
relaxing the maximum detectable distance.

B. Velocity Estimation

In Fig. 5, we compare the RMSE of velocity estimation
in the OFDM and NMW-OFDM systems as functions of
SNR. The accuracy is improved by one order of magnitude
with the NMW-OFDM system compared the OFDM system.
According to the CRLB of velocity estimation, the estimation
error becomes larger when shortening the symbol duration but
is reduced by increasing the symbol number.

C. Achievable Rate

In Fig. 6, we investigate the achievable rate to show the
advantage of NMW-OFDM system in the THz band. In the
mmWave system, the bandwidth is 100 MHz and the cyclic
prefix is 1/8 of the symbol duration. The subcarrier number
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and the available bandwidth of THz systems are usually lower
than 1024 and 30 GHz, respectively.

As visible in Fig. 6, the achievable rate of the THz NMW-
OFDM system is roughly 100 Gbps, which is significantly
higher than the one achieved by the mmWave OFDM sys-
tem. Due to the aforementioned limitation, the THz OFDM
systems using the JCS waveform achieves a higher rate than
the mmWave system, but lower than the NMW-OFDM system.
Only by setting the maximum detectable distance to 10 m, the
achievable rate of the THz OFDM system becomes comparable
to the NMW-OFDM system.

V. CONCLUSIONS

In this paper, we present a NMW-OFDM framework to
overcome the limitation of OFDM-based JCS system in the THz
band. We provide a novel multi-stage sensing algorithm to make
use of data frames from different subbands. We demonstrate that
the proposed THz NMW-OFDM system is able to maintain
a long detectable distance and realize a sub-millimeter-level
accuracy of range estimation.

Our work shows that the range estimation accuracy in the
NMW-OFDM system can be improved by three orders of
magnitude compared to the OFDM system without reducing the
maximum detectable range. Moreover, the accuracy of velocity
estimation is improved by a order of magnitude in the case of
short frame time. Finally, the NMW-OFDM THz system can
achieve ultra-high data rate up to 100 Gbps, which is more

SNR [dB]

Fig. 4. RMSE versus SNR for range estimation
using 4-QAM and 16-QAM with the reference target

SNR [dB]

Fig. 5. RMSE versus SNR for velocity estimation
in the OFDM and NMW-OFDM systems.

than 100 times higher than the one attainable by the mmWave
systems. Our future work includes investigating the effect of
the weather conditions on the THz JCS.
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