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A Bandwidth Efficient Dual-Function Radar
Communication System Based on a MIMO
Radar Using OFDM Waveforms

Zhaoyi Xu

Abstract—A novel dual-function radar communication (DFRC)
system is proposed, that achieves high communication rate, and
can flexibly trade-off rate for improved sensing performance. The
proposed system is a monostatic multiple-input multiple-output
(MIMO) radar and transmits wideband, precoded, orthogonal
frequency division multiplexing (OFDM) waveforms from its an-
tennas. The system subcarriers are divided into two groups, i.e.,
shared and private. On a shared subcarrier, all antennas can trans-
mit simultaneously, while on a private one only one antenna can
transmit at a time. The shared use of subcarriers by the transmit
antennas results in coupling of transmitted symbols and radar
target parameters in the target echoes. A novel, low complexity
target estimation approach is proposed to overcome the coupling
and recover the radar parameters. The proposed method first op-
erates on all (shared and private) subcarriers to obtain coarse angle
estimates, and then by fine-tunes those estimates based on the signal
received on the private subcarriers. The resolution of the coarse
angle estimates is limited by the aperture of the physical receive
array, while the fine-tuning is enabled by effectively constructing
a virtual array that has larger aperture than the receive array.
The precoding matrix is optimally designed to optimize a weighted
combination of the beampattern error with respect to a desired
beampattern, and the signal-to-noise ratio at the communication
receiver.

Index Terms—DFRC system, MIMO radar, OFDM radar
waveforms, subcarrier sharing.

1. INTRODUCTION

EXT-GENERATION wireless networks will support per-
N vasive communication, sensing, connectivity and intel-
ligence in a seamless manner [1]. An emerging trend in 6G
wireless applications [2] is to increase spectral efficiency by
providing unconstrained spectrum access to radar and commu-
nication systems. This trend has given rise to intense inter-
est in enabling spectral coexistence of independent radar and
communication systems by handling interference [3], [4], [5].
Another form of spectral coexistence is by integrating sensing
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and communication functions on the same hardware platform.
The integration is facilitated by today’s technology, where radio
frequency (RF) front-end architectures are basically the same
in radar and wireless communication systems. In addition to
hardware convergence, there is also frequency convergence;
by seeking high bandwidth, wireless communication systems
have been moving into higher frequency bands that have been
traditionally occupied by radar systems. Integrated sensing-
communication (ISC) systems offer the potential for significant
performance enhancement for both sensing and communications
functions [6], [7], [8], [9]. In scenarios with a large number of
sensors and communication transceivers, the integration of radar
and communication functionalities in one system would reduce
device size, power consumption and cost, and would create less
interference to network users. Due to these advantages, ISC sys-
tems are currently being investigated in many next-generation
systems, including intelligent vehicular networks [10], [11] and
the Internet of Things (10T) [12], [13]. [14], [15], [16], [17].
Dual-Function Radar Communication (DFRC) systems [17],
[18], [19], [20], [21], [22] is a class of ISC systems that use
the same waveform as well as the same hardware platform
for both sensing and communication purposes simultaneously.
Their advantages stem from their ability to achieve high spec-
trum efficiency as well as hardware reuse. DFRC systems hold
great promise for autonomous systems such as future networked
autonomous vehicles, or unmanned aerial vehicles (UAV) [23].
Depending on the design priority, DFRC systems can be
categorized into three classes [6], namely, radar-centric [24],
[25], [26], [27], [28], [29]. [30], communication-centric [10],
[19], [31], and jointly optimized [32], [33], [34]. Radar-centric
systems convey information via the way the radar waveforms
are paired with the transmit antennas [24], [25], [26], [27], or in
the phase of the sidelobes of the array beampattern [28], or in the
antenna activation pattern [29], [30]. Communication informa-
tion can also be directly embedded in the radar waveforms [8],
[26]. [30], [35], [36], [371. [38], [39]. [40], [41]. Radar-centric
systems can have near optimum radar sensing performance but
their communication rate is limited. In communication-centric
systems [10], [19], [31] the sensing functionality is based on
modulated communication waveforms, where 802.11ad stan-
dard waveforms have beeninvestigated [10], [11], [31], [42]. The
joint optimization design aims to achieve a trade-off between
radar and communication performance [32], [33], [34], [43] via
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the use of a precoder that is designed to minimize some joint
sensing-communication metric, such as the Cramér—Rao bound
(CRB) of radar parameters and the communication channel
capacity [32], or the CRB and mutual information (MI) for
sensing and the communication sum rate [34], or the commu-
nication signal-to-interference-plus-noise ratio (SINR) and the
beampattern error [33], [43].

High communication rate is highly desirable in the potential
applications of DFRC systems. For that reason, the study of the
radar sensing properties of multi-carrier waveforms, which are
known to achieve high communication rates has attracted a lot
of interest. Multi-carrier waveforms with Frequency-Hopping
(FH) were proposed in [26], [27], where the bandwidth is
divided into multiple subbands, a subset of subbands is ran-
domly selected in each channel use, and each selected band is
paired with a transmit antenna. However, this type of subband
assignment uses only part of the available bandwidth, which
negatively impacts target range resolution and communication
rate. Given the popularity of Orthogonal frequency division
multiplexing (OFDM) waveforms in high-rate communications,
and also their ability to effectively deal with frequency selective
fading [44], [45], [46], there has been intense interest in the
radar sensing properties of OFDM signals. OFDM waveforms
for DFRC systems have been explored in [8], [36], [40], [41],
[47], [48], [49]. In those works, non-overlapping subcarriers are
assigned to transmit antennas in each channel use. As compared
to FH methods, OFDM methods use all available bandwidth for
sensing, which allows for higher range resolution. Also, since
all subcarriers are used they achieve higher communication rate.
However, since each antenna is restricted to transmit on certain
subcarriers only, the communication bandwidth is still not fully
exploited.

In this paper, we propose a novel OFDM-based DFRC system
that uses the available bandwidth efficiently for both sensing
and communication. It comprises a monostatic Multiple-Input
Multiple-Output (MIMO) radar that transmits precoded OFDM
waveforms from its antennas. Unlike previous OFDM DFRC
methods, the proposed scheme makes the subcarriers available
to multiple antennas in each channel use. We will refer to the
proposed system as DFRC with Shared-Subcarriers (DFRC-SS),
with the name denoting the shared use of subcarriers by transmit
antennas. Subcarrier sharing enables high communication rate.
However, it creates two challenges, i.e., (i) at the receiver,
on the shared subcarriers, the radar target parameters and the
transmitted communication symbols from multiple antennas are
coupled, which complicates the target estimation task, and (ii) on
the shared subcarriers, the waveforms of the transmit antennas
are no longer orthogonal, and thus are not easily separable at the
radar receiver, which prevents the formation of a virtual array;
the virtual array is a key feature of MIMO radar for achieving
high angular resolution [36].

To address the first challenge, one could extract the radar
parameters using a maximum likelihood (ML) approach, as that
used in MIMO radar [50], where the target parameters are com-
puted by searching over the entire target angle-range-velocity
parameter space. However, such an approach would involve high
complexity. In this paper, we propose a novel, suboptimal but
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computationally efficient approach to untangle the radar parame-
ters from the received target echoes on all subcarriers. To address
the second challenge, we propose a novel way for the system to
enjoy the benefits of a virtual array by controlling the access of
transmit antennas to subcarriers. In particular, we propose to set
aside a small group of subcarriers, over which, transmit antennas
cannot overlap. We will refer to those subcarriers as private.
By increasing the number of private subcarriers we reduce the
communication rate and improve the sensing performance. The
improvement is achieved because, based on the signal received
on the private subcarriers, and also the target parameter estimates
obtained on all subcarriers, a virtual array can be constructed that
enables refinement of the target parameter estimates. The private
subcarriers could also be used to transmit pilots for channel
estimation.

In this work, the precoding matrix is optimally designed to
maximize a weighted combination of the DFRC beampattern
performance and the communication signal-to-noise (SNR) ra-
tio. This joint design is inspired by the design of [33] but it is
modified to address the multicarrier signal scenario, and also the
way in which the precoder is applied to the transmit waveforms.

The communication component of the proposed system is
along the lines of standard multi-antenna OFDM communi-
cations [51], [52], except that the indices of the private sub-
carriers need to be either estimated by the receiver or en-
coded into data symbols and transmitted to the receiver in
advance.

Our proposed work falls under the joint design category of
DFRC methods, except that in addition to using a precoder, it
allows one to trade-off communication and sensing performance
by controlling the access of transmit antennas to subcarriers. The
proposed work can be summarized as follows:

1) A novel DFRC system, referred to as DFRC-SS, is pro-
posed, that transmits OFDM waveforms, where the sub-
carriers are marked as shared or private. The proposed
system makes efficient use of the available bandwidth
for communication and sensing by allowing antennas to
simultaneously transmit on all shared subcarriers. The
private subcarriers are made available to the transmit
antennas to transmit in an exclusive fashion.

2) A novel, low-complexity approach is proposed for esti-
mating the radar parameters, which overcomes the cou-
pling of parameters and transmitted symbols arising on
the shared subcarriers at the receive antennas. The ob-
tained parameters can then be fine-tuned by constructing
a virtual array based on the signals received on the private
subcarriers.

3) The proposed DFRC-SS flexibly trades off communica-
tion rate for improved target estimation performance by
controlling the number of private subcarriers. The system
can be configured for maximum communication rate by
allocating all subcarriers to transmit antennas as shared,
or can trade off communication rate for improved sensing
performance by allocating a small number of subcarriers
as private.

Preliminary results of this work were reported in [16]. In ad-

dition to [16], here, we (i) further exploit the frequency diversity
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for angle estimation on the receive array, (ii) explore the trade-off
between sensing and communication, (iii) propose ways to
further reduce the complexity of target parameter estimation,
(iv) introduce precoding for beamforming purposes.

The remainder of this paper is organized as follows. In Sec-
tion II, we describe the target estimation and communication
process using precoded OFDM radar when all subcarriers are
used as shared. In Section III, we introduce the use of private
subcarriers in addition to shared subcarriers, which trades off
the communication rate for improved sensing performance.
The communication on private subcarriers is also discussed in
Section IIL. In Section IV, we formulate the precoder design
problem. In Section V, we summarize the proposed DFRC-SS
system that uses shared and private subcarriers. We provide
simulation results on the system performance in Section VI and
concluding remarks in Section VII.

Notation: Throughout this paper, we use R and C to denote
the sets of real and complex numbers, respectively. ()T stands
for the transposition operator, (-)* denotes complex conjugate
and (-)* denotes complex conjugate transpose. || - ||2 represents
5 norms. |- | denotes the floor function.

II. DFRC-SS WITH ALL SUBCARRIERS USED AS SHARED

Let us consider a monostatic, fully digital MIMO radar, com-
prising an N;-antenna uniform linear array (ULA) to transmit,
and an N,-antenna ULA to receive. The transmit and receive
antenna spacing are g; and g,, respectively. The radar transmits
precoded OFDM waveforms using N, subcarriers. All subcar-
riers are used as shared, i.e., they are available to all antennas
to transmit simultaneously. The binary source data are divided
into V; parallel streams, one for each transmit antenna, and each
stream is modulated via phase shift keying (PSK) or quadrature
amplitude modulation (QAM) and distributed to the OFDM
subcarriers. The outputs of all streams are processed by a precod-
ing matrix P. An inverse discrete Fourier transform (IDFT) is
applied to the data symbols of each stream, a cyclic prefix (CP)
is pre-appended to the result, the samples are converted into
an analog multicarrier signal with carrier frequency f. and are
transmitted through the corresponding antenna. The transmitted
multicarrier signal will be referred to as OFDM symbol.

LetD,, € CYe*N= denote a matrix that contains the precoded
symbols to be transmitted during the p-th OFDM symbol, i.e.,

d{orohu‘) d(OJNS ol 11:”‘)
D#: d(lroup‘) d{]-':NS_l':P") . (1)
d(N; — 1,0, 1) d(N; —1,N, — 1, )

where d(n, i, ) denotes the symbol transmitted by the n-th
antenna, on the i-th subcarrier, during the p-th OFDM symbol.
The #-th column of D, contains the symbols transmitted by all
antennas on subcarrier ¢, while the j-th row of D, contains the
symbols transmitted by the j-th antenna on all subcarriers. In
the following, for notational simplicity, the use of the symbol
matrix will refer to one OFDM symbol. Then the subscript p
will be dropped in D,,.

Let P € CNt*Ne denote the precoding matrix and Q €
(CNtxN-: the matrix containing the data symbols in each OFDM
symbol before precoding. Then,

D =PQ. 2

The precoding scheme enables beamforming and the precoding
matrix, P, will be optimally designed to meet a certain perfor-
mance metric.

The complex envelope of the baseband signal on the i-th
subcarrier transmitted by the n-th antenna equals

Np—1

z(n,i,t) = Z d(n,i,u)ej%mﬂrect(t_,r—pj}), (3)

u=0 P

forn=1,...,N;andi=0,1,..., N, — 1, where rect(t/T})
denotes a rectangular pulse of duration Tp, and Af is the
subcarrier spacing, for which it holds that Af = 1/(Tp — Tep)
and Ty, is the duration of CP.

In the following we make certain assumptions: (1) the length
of CP is larger than the maximum between the roundtrip delay to
the target and the communication channel length; (2) secondary
reflections from the target are attenuated and only contribute
noise at the receiver; (3) the duration of the OFDM symbol is
small enough to assume that the target range is constant over
N,, OFDM symbols; (4) the Doppler frequency induced by the
target is assumed to be constant over N, OFDM symbols; (5)
the channel scattering coefficients remain constant during N,
OFDM symbols.

Assumption 1 is required to avoid inter-symbol interference
during demodulation and is typical in OFDM systems. Assump-
tion 2 is consistent with high frequencies, which experience high
attenuation. Assumptions 3, 4 and 5 depend on N, the OFDM
parameters and the target radial velocity. As an example, con-
sider the 5G New Radio (NR) high-frequency standard, where
one OFDM symbol has a duration of 8.92 us [53]. For a target
moving with a radial velocity of 100m/s, during N}, = 256 sym-
bols, i.e., during 2.28 ms, the target range changes by 0.228 m
only. So we can assume that the range remains approximately
constant during 256 symbols. It is also reasonable to assume that
the target velocity and the channel scattering characteristics do
not change significantly during that time.

Suppose that there are K point targets in the far field, each
characterized by angle 6, range Ry, and radial velocity vg. The
baseband equivalent of the signal received by the m-th receive
antenna on the i-th subcarrier is

K N

y(m,i,t) = Z Z Brx(n, i, t — Tkmn)eﬂﬂf‘;kt + ui(m, t),
k=1n=1

4)

form =0,...,N, — 1, where j3; is a complex coefficient ac-

counting for the scattering process associated with the k-th
target; f§, is the Doppler frequency of the k-th target, which
is equal to

fa, = 20(fe +ilrf) /e, )
with ¢ denoting the speed of light;
Tkmn — [2Rk +: (ng; =+ mgr) sin 9;-,]/6,



is the roundtrip delay of the k-th target, and u;(m,t) denotes
independent and identically distributed (i.i.d.) white Gaussian
noise with zero mean and variance o2, or clutter. Based on
assumption 3, the roundtrip delay is taken as constant during
the OFDM symbol interval. The coefficients 3 depend on the
target only [54], [55], and due to assumption 5, they are constant
over N, OFDM symbols. Those coefficients do not need to be
known, and as we will discuss in Section III-A, can actually be
estimated during the sensing process.

In the received target echoes (see (4)), the radar target param-
eters and the transmitted communication symbols from multiple
antennas are coupled, which complicates the target estimation
task. Next we introduce a low-complexity approach to decouple
and estimate the radar parameters.

A. Target Angle Estimation

For simplicity, the rectangular pulse function and CP will be
omitted in the following formulations. The received signal on
the i-th subcarrier during the p-th OFDM symbol duration can
be expressed as

K
. e : +iA
-y(m,t,t) s E :f‘. j2rmg, sin G c
k=1

N
4 i i feting
% E :ﬁkd(ﬂ,%,ﬁ)e j2mng, sin 8 —
n=1

i : 2R i2 i £ -
x e JATIAS=E JIMIa LTINS 4 o (m, ).
(6)

Let us express continuous time t as t = pT, + 7, where
7 € [0,Tp). As done in typical OFDM demodulation, the re-
ceiver first samples y(m, 7, t) in time with sampling frequency
F, = Af x N, over duration T}, — T}, [8]. The sample index
corresponding to the sampling of 7 is usually referred to as fast
time, while the OFDM symbol index, p, is referred to as slow
time. By applying an N¢-point DFT on the obtained samples, the
fast time domain is transformed to the index of subcarriers, and
the receiver obtains the modulated symbol which was transmit-
ted on each subcarrier. The symbol received by the m-th receive
antenna on the i-th subcarrier equals

K N;

dr(m, i) = 33 Brd(n,i, p)e 92 (mrtng) sindy Lol
k=1n=1

" - 2R s i
5¢ E—ﬂm:ﬁf—cheﬂﬁﬂﬂshk + U(m, i, P"): )

where U(m, 1, ;1) denotes the N-point DFT of the noise during
the p-th OFDM symbol. (7) can be viewed as

K
dr(m,i,p) =Y Ak, i, p)e>™ 0™ L U(m, i, p),  (8)
k=1

form =0,..., N, — 1, where

N‘ e
Ak = 3 B e oenscsin e

n=1
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Fig. 1. Estimation of angle and range in one OFDM symbol.

i : 2R i2ruT i
X e jQ‘n’w.Af—Lc EJ H pfdk, (9)

and

w(k,i) = —grsin by (10)

fe+iAf

—
The symbols d(n, i, ;) are known to the radar receiver as this is
a monostatic radar.

Let us assume that N,. > K. For a fixed 7 and p, based on (8),
the sequence {d,(m,i,u),m =0,..., N, — 1} can be viewed
as asum of K complex sinusoids with spatial frequencies w(k, 7)
and complex amplitudes A(k, ¢, p¢). Thus, upon applying an N,.-
point DFT on that sequence, we find peaks at frequencies w(k, ¢)
(see Fig. 1). Once the w(k, ¢) are estimated, the target angles can
be computed as

(11)

fr = arcsin (— w(k, i)c ) .

gr(fe +1iAf)

The angle estimation scheme can be repeated on all subcarriers.
Thus, by exploiting frequency diversity, one can find all occupied
angle bins with high probability.

The resolution of the peaks in the aforementioned DFT de-
pends on the number of receive antennas, N,. We will refer to
the angle estimates of (11) as coarse, and in Section III-A, we
will show how these angles estimates can be refined.

We should note that in the above estimation, the complex
amplitude 3, does not need to be known, because the coarse
angle estimation is along the receive array domain.

B. Range Estimation

One way to extract the target range-Doppler parameters would
be via the maximum likelihood estimation approach used in
MIMO radar [50]. This would amount to cross-correlating the
received signal at each possible range-Doppler bin with the
transmitted symbols and finding the range-Doppler bin that
maximizes the output. However, such an approach involves high
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complexity and also suffers from convergence and resolution
problems [56]. Here, we propose a suboptimal but computa-
tionally simpler estimation approach as follows.

The amplitudes corresponding to frequencies w(k, 7), givenin
(9), contain known precoded symbols, estimated target angles,
and unknown ranges and Doppler frequencies. Inside each oc-
cupied angular bin, there may be multiple targets. Suppose that
there are IV}, targets corresponding to the k-th estimated direction
0. Then, the corresponding amplitude can be expressed as

Ny

Zd R i ,u)e —j2mng, sin f 12—

n=1

Ny
S
q=1

fe +sA_f

Ak, i p) =

mq

J2WTp qu

zRq

Ny
= A'(k,i, 1)) Brge™ ¥ lia | (12)
q=1

where [i4 is the coefficient of the g-th target at angle 6 and

N, )
A(kyiyp) = 3 d(n,i, e 2mmansin LS80 13
n=1

Based on (5), (12) can be written as

2u

2ugfe eﬂmwr(q,#)

A(k,i,p) = A'(k,i “)Zﬁ pi2mnT, 2ade
B (14)
where
wr(g, p) = —2Afm_ s

Due to assumption 3, the term 1, v, is significantly smaller that
R, thus w,(g, 4+) could be simplified as

o)~ —Af 2, (16)
This simplification implies that the range term in (14) changes
along the fast time only, and the radial velocity term changes
along the slow time only. Thus, the two quantities can be
independently estimated.

In (14), A'(k, i, p) contains known symbols and angles that
have been already estimated. One could divide A(k,1,p) by
A'(k, 1, ) and then compute range and Doppler by taking DFT
across i and g, respectively. However, the division may lead
to problems when the denominator is close to zero. Instead of
division, we propose the following approach to estimate range
and Doppler.

Let A(k,¢, u) and A'(k, £, ) denote respectively the N,-
point DFT of A(k, 1, u) and A’(k, 1, 1) along dimension 7. One
can see that A(k, £, ) is a weighted sum of shifted versions
of A'(k,¢, ,u) with shifts equal to w,(g) and weights equal to

Bq 12Ty = Gince A'(k, i, 1) has already been estimated,
the shifts w,r(q) can be measured based on the locations of the
peaks in the cross-correlation of A'(k, £, ) and A(k, £, p) (see

Fig. 1). The peaks appear at indices
2N R Af
T

c

(17)

revealing the ranges of the targets that fall in angle bin 6, i.e.,
R,,q=1,...,N;.
The resolution of range estimates is
c o c
2N,Af 2B’

where B is the bandwidth of the OFDM waveforms, and the
maximum detectable range is

Brey:= (18)

C
2AF
Based on (19), for a large unambiguous range the subcarrier
spacing should be as small as possible. On the other hand, since
the OFDM symbol duration equals T}, = i%f + T,p, a small
subcarrier spacing results in a longer OFDM symbol duration.

We should note that the obtained range estimates use the
full available bandwidth, and thus have the maximum possible
resolution. However, range estimation will be affected by errors
in angle estimation. If due to low angle resolution some angles
are missed, the corresponding ranges may be missed. Later, in
Section ITI-A, we will discuss how we can correct this potential
problem by trading off communication rate for improved sensing
performance.

iz — (19)

C. Doppler Estimation

For each estimated range, the corresponding Doppler fre-
quency can be estimated by taking an N, point DFT of the

cross-correlation peak values, i.e., 3, I 2T, 2
ing to N, OFDM symbols, i.e., forp =1, .
contain peaks at indices

Pg = LNprfqu = L

which provide the targets” Doppler frequencies and thus their
velocities. By estimating the Doppler parameter for each range
peak, we can match the Doppler estimates with the estimated
ranges. Since the target ranges are estimated within certain angle
bins, and the Doppler frequencies are estimated based on each
range peak (see Fig. 1), the angle-range-Doppler parameters of a
given target are paired together. Again, the complex amplitudes
34 do not need to be known, and they can actually be estimated
based on the values of Doppler DFT peaks.

The resolution of the target velocity estimation and maximum
detectable velocity are

, correspond-
N . The DFT will

20, Np T, J , -

C

c
2fN T
c
b o e
respectively. Note that the radial velocities could be both positive
and negative, thus the maximum unambiguous velocity is half
of the detectable velocity.

From (22), anincreased T}, will reduce the detectable velocity.
In real world systems, the subcarrier spacing needs to be chosen

21)

Ures =

(22)

Umax —



carefully paying attention to the trade-off between the maximum
unambiguous range and the maximum detectable velocity.

D. The Communication Component

Let us consider the communication component of the pro-
posed DFRC-SS system when all subcarriers are used as shared.
Suppose there is a multi-antenna receiver, with NV, antennas,
spaced apart by d,., that can perform OFDM demodulation.
We assume that N, > N, and the receiver knows the type of
constellation used by the transmitter and also the precoding
matrix that has been used. We also assume that the receiver
can estimate the communication channel via pilots. The above
assumptions are typical in precoded OFDM communication
systems.

Due to the narrow bandwidth of each subcarrier, the signals
on each subcarrier experience flat fading. The symbols across
all receive antennas can be expressed as

rg:H'jdg—f—ug', Z'ZO,...,NS—].,

where i is the subcarrier index, H; € CN=*Nt is the channel
matrix on the i-th subcarrier, d; is the i-th column of D, and u; €
CNe*1 represents the measurement noise on the i-th subcarrier;
the noise is assumed to be white, Gaussian with zero mean and
covariance o21.

The data symbol vector can be estimated via least-squares,
ie.,

(23)

argmin [|r; — H;Pql[5. (24)
By applying the same process to every subcarrier and every re-
ceived OFDM symbol, all transmitted symbols can be estimated.
Compared with an OFDM communication system with the same
modulation scheme but without subcarrier sharing, the proposed
system increases the number of information bits transmitted in

one period by a factor of N;.

III. TRADING OFF COMMUNICATION RATE FOR TARGET
ESTIMATION PERFORMANCE USING PRIVATE SUBCARRIERS

In the above described system, where all subcarriers are
shared, angle estimation relies on the aperture of the physical
array, i.e., (N, — 1)g,. As aresult, angle resolution is limited by
the size of the receive array. Low angle resolution may render
some target angles unresolvable. Since the angle estimates are
used to obtain target range and Doppler, angle estimation errors
will propagate to those parameters as well. In this section, we
introduce the use of private subcarriers, and show how they can
be used to construct a virtual array, which can improve the coarse
target angle estimates.

A private subcarrier is uniquely paired with a transmit an-
tenna, and thus carries the symbols of that antenna only. Let us
assume that M out of the N, subcarriers are allocated as private,
where 1 < M < Ny, and let M denote the set of private subcar-
rier indices. Private subcarrier 7 is uniquely assigned to transmit
antenna n;. The remaining N, — M subcarriers are assigned to
transmit antennas in a shared fashion. Let Q € CN:*N= be the
symbol matrix before precoding in this shared-private subcar-
rier case. Its columns ¢;,7 € M contain all zeros except one
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non-zero element at position n;, corresponding to the symbol
q(n;,i, ) placed by antenna n; on that subcarrier. All other
columns of Q are identical to those of Q in (2). For simplicity,
here we let M = {0,1,...,M — 1} and set n; = . In general,
the set M could contain any subcarriers, and its composition can
change between OFDM symbols. Also the indices of transmit
antennas corresponding to the private subcarriers can change
between OFDM symbols.

Let there be no precoding on the private subcarriers. In other
words, the transmitted symbols on subcarrier 7 are d; = Pq; if
i & M, and d; = q; if i € M. By doing so, the waveforms
transmitted by the antennas over the private subcarriers are
orthogonal, which ensures that they can be separated at the
receiver. In order to keep the same power level on private
subcarriers as on the shared ones, g(n;,z, ) is appropriately
scaled to have power ~2.

From (7), omitting the noise term and performing element-
wise division by the known symbol g(n;,¢, ), the received
symbol on the same subcarrier becomes

L i sin f
i) = 37 B
k=1

" " 2R " i
—j2miA f—k 832?7quka L

X € ie M. (25

with A; denoting the wavelength of the -th subcarrier.
Let us define the transmit and receive steering vectors corre-
sponding to the i-th subcarrier as

sin §

a,r(ﬁ', 3) _ [ —j2mgr —r s e—jﬂﬁ(Nr—l}grE—m‘re]T, (26)
a; (6, E) [1 e—j?ﬁg;ﬂxﬂ s 8—3‘27?(Nr, 1)g: s—mrs]'l"', 27

respectively, where A; = M

By stacking the symbols (see (25)) received by all antennas
on private subcarrier i in a column vector, i.e., z; € CV~*1, we
have that

K
2=, B’ 2 e ldy g~ Imsge ik gamis s 2k ar (O, ).
k=1
(28)
By further stacking the resulting vectors from all private subcar-
riers into a long vector, i.e., z = [z],...,2T, ,], based on (28)
and using the approximation of (16), we can write

K
Z= Z ISkBjZMT"f‘Sk vec{ A, (0y)diag[a;(0x, Rx)]},

(29)
k=1
where vec{-} is the vectorization operator,
A, (0x) = [a,(0%,0),. .., a,(0x, M —1)],  (30)
ay(0x, Rx) = at (k) © b(Rx), (31)
with @ denoting Hadamard product,
b(Rx) = [1,E—j27rAf¥&,”.16—_;1‘2?1'(1\«1'—1)&1’%&-]'1"1 (32)
and
al(g) = [l’e—j%ga*’—'fl—”___, —J2m(M~1)g, 2l Ser)T. (33)
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In the above expression, z can be effectively viewed as the
response of a virtual array (VA) [57]. The VA has an aperture that
is M times larger than the aperture of the physical receive array,
and thus can enable better angle resolution. Unlike typical VAs,
however, its steering vector, i.e., vec{ A, (6x)diag[a;(0x, Rx)]},
depends on target range as well as angle, and also on the private
subcarrier set M and the corresponding transmit antenna set.

A. Refining the Angle Estimates

The target parameter estimation method proposed in Sec-
tion II still holds if some subcarriers are private. This is because
coarse angle estimation is along the receive array, which is
independent of the data symbols. Also, range estimation is based
on (13), which is the summation over all modulated data symbols
on the i-th subcarrier. Thus, range estimation holds for both
private and shared subcarriers. Doppler estimation based on the
range peaks also holds on both private and shared subcarriers.

Suppose that we have obtained coarse angles estimates and
the corresponding ranges { Ry, Rz, . . ., Ry } based on all (shared
and private) subcarriers using the method of Section II. In the
following, we describe how those estimates can be refined by
formulating and solving a reduced dimensionality sparse signal
recovery (SSR) problem.

Let us discretize the angle space around the coarse angle
estimates, taking N, grid points. Then, (29) can be expressed as

}811'.!

z= (211,212, +2ZN.N] | <-4 |

JBNEN

= [Z11,%12, .- -, 2N, N5, (34)

where f3; ; is non zero if there is a target at range R; and angle
grid point ¢;, and

745 = vec{ A, (f;)diagla? (6;) ® b(R; )]},

is the dictionary element for i=1,2,....N, and j=
1,2,...,N. Assuming that the target angle-range space around
the considered regions is sparse, thus vector B is sparse which
can be estimated under certain conditions [58] via £1-norm
minimization [59]. The support of 3 provides the angle-range
space grid points that are the closest to the target angles. We
should note that, upon using the previously estimated ranges
to construct the base matrix, the refined angle estimates are
naturally paired with those range estimates.

The natural question is now whether we should trust the ranges
obtained based on the coarse angle estimates, and rely on them
to construct the problem of (34). When using all (private and
shared) subcarriers, the range estimates obtained from (17) use
all the available bandwidth, and thus have the maximum possible
resolution. So, further discretization of the range space around
those estimates would not help the basis matrix of (34). However,
there can be cases in which some angles maybe not be resolvable,
or can be missed. For example, due to low angle resolution,
some angles may not be resolvable and will appear in the
same bin. In that case, the corresponding ranges will all appear
inside that angle bin. Also, if there is not enough frequency

(35)
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Fig. 2. Target estimation with private subcarriers in an SS-OFDM DFRC
system.

diversity (i.e., not enough subcarriers) to obtain good coarse
angle estimates, it is possible that some target angles maybe
be missed, causing the corresponding ranges to be missed. Of
course, such a case would not arise in wideband OFDM systems
with a large number of subcarriers. Also, if in (7), it holds that
for some k, A(k, i, ) = 0 for all subcarriers ¢, (this of course
would happen with a small probability), then the corresponding
spatial frequency and associated ranges will be missed.

Based on extensive experience with simulations, in those rare
cases, the SSR problem formulated based on the obtained coarse
angle estimates and corresponding ranges will still yield refined
angle estimates and reveal the missed target angles. Based on
the new angles we can revisit (17) to compute the corresponding
ranges.

The entire estimation process is illustrated in Fig. 2. The
obtained refined estimates can be used in (12) to obtain Doppler
estimates. In Fig. 2, solving the SSR problem has a dominant
complexity, which depends on the size of the base matrix (see
(34)).

We should note that the angle-range estimation is done using
one OFDM symbol only, while Doppler estimation requires NV,
OFDM symbols and is carried out in the slow time domain. After
Doppler estimation, the coefficient Sy can be computed based
on the nonzero elements of ,§

Remark 1: The formulated virtual array, unlike the conven-
tional virtual array, depends not only on the target angle but
also on the target range, private subcarrier indices and the cor-
responding transmit antenna indices. Although the target angle
and range are assumed to be constant between OFDM symbols,
different pairings of private subcarriers and transmit antennas
provide frequency and spatial diversity, which can be exploited
to improve target estimation.

Remark 2: As the proposed system is wideband, the reso-
lution of range estimation is high. Thus, in order to reduce
the computational complexity and thus save computation time
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and overhead, we chose not to discretize the range space and
directly use the range estimates corresponding to the coarse
angle estimates to formulate the SSR problem. However, if the
bandwidth is not large, one can discretize range space as well.

Remark 3: One may argue that the SSR problem could be con-
structed without using the coarse angle and corresponding range
estimates, by discretizing the entire target space and forming
an overcomplete problem for both range and angle estimation.
However, such an approach would have the following short-
comings. First, the entire range and angle space most probably
will not be sparse enough for SSR to work well; sparseness
can be assumed only within small angle-range space regions.
Second, such an approach would result in a high-dimensional
SSR problem, which takes a long time to solve.

The proposed estimation approach bears some similarity to
the method of [60] proposed for resolving the range ambi-
guity problem in a frequency diverse array (FDA) radar with
angle-range dependent virtual array, arising when the frequency
of the waveform is increased with a small amount across the
array elements, although our scenario faces more complicated
coupling due to the transmitted data symbols. Both methods
first coarsely estimate the target parameters and then use the
results to refine estimation. The difference is that here we use
the entire virtual array to estimate angle, thus enjoying higher
resolution, while [60] uses the receive array only. Also, our
formulated virtual array depends on the locations of private
subcarriers and the corresponding antenna indices, where the
frequency and spatial diversity could be exploited. Our method
can recover targets unresolved in the coarse estimation, and the
range estimates that we use for angle estimation are always at
maximum resolution. Thus the results of our method are refined
angle and range estimates, while the result in [60] are only
refined range estimates.

B. Communication on Private Subcarriers

OFDM communication systems transmit pilots over certain
subcarriers, so that the receiver can estimate the channel. The
private subcarriers can actually be used to transmit pilot symbols
for channel estimation. Since the set of private subcarriers can
be any subset of cardinality M of the available subcarriers, and
they can be paired with any set of transmit antennas, by changing
the private subcarriers subset and the corresponding transmit
antennas between OFDM symbols, one can obtain samples of the
channel frequency response. The rest of the channel frequency
response can then be obtained via interpolation [61]. To have
good channel estimation, one should use subcarriers with good
SNR as private subcarriers. In that case, the communication
receiver would need to first identify the private subcarriers and
also the active antennas on those subcarriers. For that purpose,
the receiver can leverage the fact that the transmitted data symbol
vector on the private subcarriers is naturally 1-sparse, while the
data symbol vector on the shared subcarriers has mostly nonzero
entries. Thus, the private subcarriers can be identified by solving
a least-squares problem on each subcarrier, and then checking
for 1-sparseness in the result. The support of the sparse vector
yields the index of the active antenna.
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The complexity of symbol decoding and private subcarrier
detection is given in Section V-A. To avoid the latency associated
with the detection of private subcarriers, the locations of the
private subcarriers and the pairing between transmit antennas
during the p-th OFDM symbol can be encoded in the (p — 1)-
th OFDM symbol, so that the communication receiver has the
information when needed. To encode the locations of M private
subcarriers and the pairing between transmit antennas in the next
OFDM symbol, the number of required bits is

N,!
[]‘)gz (N, —SM)J’ (36)

where [-] denotes the ceiling function. (36) accounts for the
permutation of M private subcarriers in total N, subcarriers.

C. Communication Rate and Sensing Performance Trade-Off

The use of private subcarriers improves the sensing perfor-
mance, but resultsinaratelossof e = N%(%). When M = 0, the
system achieves the maximum communication rate. By increas-
ing M, we can flexibly trade-off bit rate for improved sensing
performance. As it will be seen in the simulations section, in
a wideband OFDM system with a large number of subcarriers,
the loss from private subcarriers is small as the needed M is
typically much smaller than N,.

The use of private subcarriers does not only benefit the
radar. The private subcarriers could also be used to estimate
the communication channels by transmitting pilot symbols on
them. The selection of private subcarriers, and the pairing of
private subcarriers with transmit antennas can also be used to
encode information and thus partially compensate for the com-
munication rate loss incurred by the use of private subcarriers.
This was investigated in our previous work [62] where we also
proposed a low-complexity binary search method to identify the
private subcarriers at the receiver side.

IV. PRECODER DESIGN

The precoder is obtained by optimizing a weighted combina-
tion of beampattern error and the average SNR on all subcarriers
at the communication receiver. Since precoding destroys the
orthogonality of the transmitted waveforms, the precoder is
applied to the signals to be transmitted on the shared subcarriers
only. In that way, the signals on the private subcarriers are
orthogonal and can be used to formulate the virtual array.

A. Beampattern Error

Let F € CV-*N: denote the inverse Fourier transform ma-
trix. The baseband transmitted signal corresponding to the p-th
OFDM symbol can be expressed in matrix form as

X = PQF, (37)
where Q is the symbol matrix as defined in Section III. The j-th
column of the baseband signal matrix X, or otherwise, the j-th
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snapshot, equals

N.—1
x;= Y PaiF(i,7)+Y aF(i,j), (38)
i=0,i¢g M ieM

where F'(i,7) is the element on the i-th row and j-th column
of F. Recall that q; is 1-sparse, with its non-zero-element in
the n;-th position and ~? is the average power assigned to the
symbols transmitted on private subcarriers. The array output
towards direction £ at the j-th snapshot is

N.—1
yi(6) = Y _ a7 (0,i)Pa:F(i,5) + ) _ a; (6,9)a:F (i, ),
i=0,i¢gM ieM
(39)
and the transmitted power along angle # equals
p;(6) = E{y;(6)y;(0)"},
1 Nt
=5 > af(6,i)PRP"a}(6,1)
® i=0,i¢M
1 e G
+57 D ar (6,i)Raa; (6,9),
8 ieM
;N
=5 > af(6,i)PRP"a}(6,1)
# i=0,i¢M
M ,
3 (40)

where F (i, 7)F*(i, j) = (1/N.), R; = E{qiq } is the covari-
ance matrix of the i-th original symbol vector q; and ]FNLi is the
covariance matrix of ;. We should note that the second term
is independent of angle, i.e., the power of the signal transmitted
on the private subcarriers is spread to the entire angle space.
Let p(#) be the desired power of the transmitted signal to-
wards direction #. The beampattern error with respect to the
desired beampattern p(#), computed on G discrete angles 6, in

[-7/2, /2], equals

G
3 vlp(6,) — 58,1
g=1

2
N1

1 . e - M2
=|I'e p——N E diag{ A; PR,P"A}}— ~ 1z :
8 j=0,id M # »

(41)

where v, are weights that control the importance of beam-
pattern error from the g-th angle, I'=[y4,...,7¢]%, p=
[p(61),--..,p(0c))T, Ai=[as(f1,i),...,a:(0c,i)] € CNexC
is the transmit steering matrix on the i-th subcarrier and 15 =
[1,...,1]F e RC.

B. SNR at the Communication Receiver

From (23), the power of received symbols from all subcarriers
in the p-th OFDM symbol can be expressed as

Nz—1
P.= Y t[HPRPYH]|+) o[HRH]], 42)
i=0,i¢ M ieM

where tr|[-] refers to the trace of a matrix. Recall that the power of
communication noise is o2, thus the SNR at the communication
receiver equals

P,

o = 43
YSNR Ny0? (43)

C. The Sensing-Communications Co-Design Problem

Let us consider the loss function

G

L(P) £ Z Y9lp(8g) — B(8)]*+(1 — aw)10l0g (Vs R);
g=1

(44)

where av, is the cost parameter reflecting the relative importance
of the beampattern error (first term).

By adjusting v, one can put more emphasis on approximating
the desired beampattern for radar purposes, or on maximizing
the SNR for communication purposes.

We should note that the loss function (44) could have negative
values due to the SNR term. Thus when implementing the loss
function, a constant could be added to the SNR term which
means that the SNR loss is computed as the difference between
the desired value and the current SNR. The added constant will
not change the result since it will not change the gradient of the
loss function.

In the experiments, to solve (44) we used the Adam stochastic
optimizer [63] with different learning rates, starting at 0.02, and
600 steps of iterations. Note that the learning rates here only
relate to the step length. Different learning rates, help us avoid
local optima. A large number of executed steps ensures stable
convergence.

The above metric is an extension of [33] to the multi-carrier
signal case, after taking into account the way in which the
precoding matrix is applied to the transmitted signals. Compared
to [32], [34], a design that approximates the desired beampattern
also provides high SNR and low radar CRB and MI. Moreover,
a good beampattern also avoids transmitting energy towards
clutter contributing regions.

V. SUMMARY OF THE PROPOSED DFRC-SS WITH SHARED
AND PRIVATE SUBCARRIERS

Putting together all the above presented ideas the proposed
system is summarized as follows.

Let us assume that channel estimation is conducted by
the communication receiver as done in standard OFDM sys-
tems [61]. Also, suppose that the communication receiver po-
sition is known to the transmitter and the angle space of the
potential targets is also known.
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Step 1 Depending on the maximum range and velocity, that
we wish to achieve, and the minimum communication rate we
need to sustain, the OFDM system parameters and the maximum
number of private subcarriers (M) are determined. The channel
estimates can be used to determine which subcarriers have good
SNR to be used as private.

Step 2 The precoding matrix is estimated, ensuring that the
radar will probe a certain angle space, say © for possible targets,
and will also provide a good SNR level to a communication
receiver. Then the precoding matrix is communicated to the
communication receiver, as done in standard precoded OFDM
systems.

Step 3 Subcarrier sharing is enabled and the precoding matrix
is applied to the data to be transmitted on the shared subcarriers
(see (2)). The communication receiver decodes the original data
symbols.

After receiving each OFDM symbol echo signal, coarse angle-
DFT along the receive array domain (see (11)) is applied on all
subcarriers. For each angle peak, cross-correlation based range
estimation (see (17)) is carried out. Subsequently, target angle
estimate refinement is performed by using the signal received on
the private subcarriers to formulate and solve an SSR problem
(see (34)). The solution provides refined and possibly new
angles, which are fed back to the cross-correlation based range
estimation to uncover any missed ranges. For each detected
range peak, cross-correlation based velocity estimation (see
(20)) is conducted after /N, OFDM symbols have been received.

A. Complexity

Here, we will analyze the complexities of the proposed sens-
ing method and the corresponding communication processing
in the DFRC-SS.

The complexity of coarse angle estimation is O( N, log N,.).
Here we assume that the estimation on all N, subcarriers can be
executed in parallel.

In the cross-correlation based range estimation, since the
cross-correlation can be computed via DFT operations, the
computation complexity of range estimation is O(N, log Ny).
Here we assume that the estimation on the K occupied angle bins
can be done in parallel. If there is a small number of targets in
each angle-range bin, the N,-point DFT for velocity estimation
can be replaced with a sparse Fourier transform (SFT) [64],
which offers significantly reduced complexity. For an exact
N).-sparse case, the average complexity of estimating the Ny
Doppler frequencies is O( N, log Ny), which is independent of
the number of OFDM symbols Np,.

During the coarse sensing, since the number of subcarriers is
much larger than the number of receive antennas and OFDM
symbols, the complexity mainly comes from the operations
along the fast time domain, i.e., the angle-DFT repeated on all
subcarriers and the range estimation along fast time domain.

The complexity of solving the least-square problem in (24) is
O(N,N2), and thus the detection of private subcarriers in N,
subcarriers has time complexity of O(N.N.N?). The latency
of detecting the private subcarriers is fixed, and is independent
of the number of private subcarriers.
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TABLE1
SYSTEM PARAMETERS

Parameter Symbol Value
Center frequency Ie 28 GHz
Subcarrier spacing Af 120 kHz
Duration of OFDM symbol Ty 8.92us
Number of subcarriers Ng 2048
Number of OFDM symbols Ny 256
Number of radar receive antennas Ny 32
Number of communication receive antennas Ne 64
Receive antenna spacing distance gr 0.5\
Transmit antenna spacing distance gt 0.5\

VI. NUMERICAL RESULTS

In this section, we demonstrate the sensing and communi-
cation performance of the proposed DFRC-SS via simulations.
The data symbols were modulated by 16QAM. The wideband
system parameters were taken from the 5G NR high-frequency
standard [53], and are shown in Table 1.

The communication channels were simulated as follows. As
in the radar case (see (4)), the signal transmitted between the
n-th transmit antenna and the /-th receive antenna undergoes an
effect that can be modeled as propagation through a tap delay
channel. The delay 7, is due to the direct path from the DFRC
transmitter, i.e.,

Tne = (Re + ngesind + €d,sing) /c, #3)

where 6 and ¢ are angles of departure and incidence, respec-
tively.
The corresponding frequency response can be written as [6]

H; = e I2mihIR/eq,(9, i)al (¢,1)

+ 3 cxa (O, i)al (6. 1), (46)
k

where 6, ¢ are angles of departure and incidence related to
the various scatterers, respectively, and ¢, are the corresponding
coefficients which were generated as complex random variables
with mean 0.1 and variance 0.01. The summation term is the
contribution of multiple non-resolvable paths, and guarantees
the full rank of H;. In our simulations, we assumed that the
summation contains [V; terms.

A. Precoder Design

In this section we obtain the precoder that minimizes the loss
function of (44), and show the corresponding SNR gain with
different number of transmit antennas. In this case we assumed
M = 8 private subcarriers.

The desirable beam power profile was set to be 0 everywhere
except over the angle range [—52, —37] degrees, corresponding
to the region of interest for the radar, and over the angle range
[29, 31] degrees, corresponding to the region where the commu-
nication receiver is located; over those angles the beam profile
was set to 1. The weights y; were set to be 1 x 1073 over all
angles grids. If we set larger weights over certain area, we can
better approximate the desired beampattern within that area, but
we will have less control over other areas. For example, if we
assign larger weights to the mainbeam, the sidelobe level will
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increase. The weight in the total loss function of (44) was taken
das oy = 0.2.

The optimum precoding matrix minimizes a weighted combi-
nation of the beampattern error, with respect to a desirable beam-
pattern, and the inverse SNR at the communication receiver.
Fig. 3, shows the designed beampattern for N; = 16 antennas.
Fig. 4 shows the variation of SNR during the iterations with
respect to the minimal values for different numbers of transmit
antennas. One can see that more transmit antennas result in
higher SNR gain but also slower convergence. In the same figure,
one can see that the SNR drops rapidly in the first 10 iterations,
and then increases slowly and reaches convergence. Despite the
small weight assigned to the beampattern error, in the beginning,
the optimizer first aims to reduce the beampattern error, focusing
less on improving the SNR. We observed the same behavior
throughout our experiments, as long as the beampattern was
randomly initialized. The corresponding learning curves for
different numbers of transmit antennas are shown in Fig. 5.
Based on Fig. 5, a larger number of transmit antennas leads to
higher SNR gain and lower beampattern error upon convergence,
but according to Fig. 4 the convergence is slower.

1) Peak-to-Average Power Ratio: An important issue in the
proposed system, as in all OFDM systems, is the peak-to-average
power ratio (PAPR) of the transmitted signal. The transmitted
OFDM signal has a non-constant envelope and exhibits peaks
whose power strongly exceeds the mean power. To avoid dis-
tortions of the transmitted signal, the transmit amplifier must
operate in its linear regions. Therefore, power amplifiers with a
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Fig.5. The loss curves during optimization.
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Fig. 6. PAPR of the proposed DFRC-SS system.

large dynamic range are required in OFDM systems which are
expensive.

Here, PAPR is characterised by its complementary cumulative
distribution function (CCDF) P,., which is expressed as [65]
P, = Pr{PAPR > P;}. In other words, P, counts for the prob-
ability that PAPR exceeds a particular value of Fj.

The transmit antennas transmit precoded OFDM signals. How
the PAPR of OFDM signals behaves with the number of sub-
carriers, and how it can be mitigated is well-known [66]. Here,
we investigate the effect of the precoding matrix, P € CNexNe
on the PAPR. The PAPR of the precoded OFDM signals using
16QAM is shown in Fig. 6 for different values of N;. In each
OFDM symbol, the maximum PAPR among the N; antennas is
recorded. For each value of N;, the PAPR CCDF was computed
based on 400 trials, 256 random OFDM symbols in each one.
The PAPR of the same DFRC-SS OFDM system but without
precoding is also shown in Fig. 6 using dot-dashed lines. Since
we recorded the maximum PAPR among all transmit antennas,
with more antennas the PAPR will also be higher. Based on the
figure, one can see that the precoded signal has a slightly lower
PAPR than the plain OFDM signals.
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TABLE IT
TARGETS PARAMETERS

Angles | Ranges | Velocities
—43° 50m 13m/s
—43° 51m 20m/s
—46° 45m —10m/s
—48° 100m 10m/s

B. Sensing and Communication Using All Subcarriers

Here we continue with the same system used in the previous
subsection.

A communication receiver with N, = 64 receive antennas
was considered. The channels were simulated following (46),
where the communication receiver is at distance R, = 50 meters
from the radar transmitter. For the direct path between the
transmitter and communication receiver, the departure angle was
30° and the incident angle was —45°. The channel coefficients
followed the same distribution as in the radar channel. The de-
parture and incidence angles of scatters were random numbers,
ranging from —907 to 90° and the corresponding coefficients,
¢, were random complex numbers with mean equal to 0.1 and
variance equal to 1 x 1072,

We assumed that the channels can be estimated at the com-
munication receiver, which can be accomplished with pilots. We
recovered the data symbols and mapped them back to binary
bits via 16QAM demodulation. The bit error rate (BER) of
the proposed DFRC-SS system on the shared subcarriers under
different SNRs and with different number of transmit antennas
is shown in Fig. 7. The BER performance with quadrature phase
shift keying (QPSK) modulation is also shown in Fig. 7. The
SNR was varied from 0 dB to 30 dB with a step size of 2 dB.
One can see that on the shared subcarriers, 16QAM had a higher
error than QPSK. For QPSK, BER grows with N;, while for for
16QAM it decreases with N;.

As for the corresponding sensing performance, we considered
4 point targets in the far field of the radar array, at angles,
ranges, and velocities as shown in Table II. We should note
that based on the aperture of the receive array of 32 antennas,
these targets fall into 2 different angle bins; each bin has 2
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TABLE IIT
ESTIMATION RESULTS

Coarse estimation Refined estimation | Velocity estimation
(—43.43%,50.05m) (—43°,50.05m) 11.73m/s
(—43.43°,50.05m) (—43°, 50.05m) 21.12m/s
(—48.59°,100.10m) | (—46°,100.10m) —9.38m /s

(—48°,45.17m) (—48°,45.1Tm) 9.39m/s

targets at different ranges. The SNR was set to be 15 dB, and the
channel coefficients, [, of (7) were assumed to be unknown.
In this experiment, the transmitter had N; = 8 antennas and the
corresponding precoding matrix P was found by optimizing the
criterion of (44).

1) Coarse Angle Estimation: Following the target parameter
estimation described in Section II, we first obtained coarse target
angle estimates based on the physical array of NV,, = 32 antennas,
using all (shared and private) subcarriers. As one can see, due
to the low angle resolution of the receive array, only 2 different
angle bins were found, i.e., angles —43.43° and —48.59°, with
each bin containing 2 targets. Subsequently, within each angle
bin, target ranges were estimated via (13)—(17). The results are
shown in Fig. 10 in red asterisks, while the ground truth is
shown in black circles. Fig. 8 shows the cross-correlation result
of range estimation (see (17)) in the angle bin —43.43°. One
can clearly see two peaks at 50.05 m and 51.27 m, while the
ground truth is 50 m and 51 m. As shown in Fig. 10, all 4
obtained ranges corresponding to the obtained angle bins are
correct, but the angle estimates are not matched correctly with
the targets especially the one at —46° which is estimated to be
—48.59°. The target radial velocities were estimated based on
the corresponding range peaks (20) based on N, = 256 OFDM
symbols; the results are shown in Table III.

The standard deviation (STD) for cross-correlation based
range and Doppler estimates is shown in Fig. 9, along with
the CRB of the range related frequency wy(q, ) (see (15))
and velocity related Doppler frequency. Here we adopted the
CRB of frequency estimation given in [67]. Range and Doppler
estimation are based on finding peaks in the cross-correlation do-
main. By properly setting the detection threshold, the proposed
method can be robust to noise levels, as shown in Fig. 9. One
can see that the STD performance does not improve with SNR.
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For the range, the performance will improve with the increase of
bandwidth, since the resolution of the proposed range estimation
method depends on the overall bandwidth (see Section II-B).
Also, the velocity STD could only improve with using more
OFDM symbols or a longer symbol duration (see Section II-C).
However, during an extended observation time, the target may
move out of the range bin. Increasing the symbol duration could
improve the velocity resolution, but it would also reduce the
maximum detectable velocity.

We also compared the sensing performance of the proposed
method with that of [8], in which all subcarriers are private.
In that case, target parameters are no longer coupled with
transmitted data symbols, and the phase shifts due to range and
velocity are orthogonal. Thus, after element-wise division with
the transmitted symbol, range and velocity can be independently
estimated via DFT and IDFT operations along the fast and slow
time domains, respectively. The corresponding STD of range
and velocity are shown in Fig. 9. As one can see, our proposed
estimation method has the same performance as that of [8]
when the SNR is high, while it is more robust to noise. Since
in our method the range and Doppler estimation is carried out
based on the angle-DFT peaks, the proposed method enjoys the
beamforming gain from the receiver array which makes it more
robust to noise. On the other hand, the method of [8] directly and
individually estimates range and Doppler. When all subcarriers
are used as shared, the proposed system can achieve a bit rate
N; times that in [8].

2) Angle Refinement Using a Virtual Array: Next we use
the signals received on the the private subcarriers to refine the
radar parameters obtained based on all (shared and private)
subcarriers. For the same radar targets setup, we consider the
case where M = N; = 8 private subcarriers are used and the
loss of communication rate is 0.39%.

We used the received signal on the private subcarriers, and
also the target parameter estimates obtained above to formulate
a virtual array. Following Section III-A, we first formulated an
SSR problem using the 4 range estimates. In the formulated
SSR problem, only the angle space near the two occupied angle
bins was discretized. The SSR solution provided a sparse vector
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Fig. 10. Target estimation results before and after trading off communication
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Fig. 11. Standard deviations of coarse angle estimates obtained based on all
subcarriers, and refined ones obtained based on the private subcarriers.

whose support indicated 3 angle bins at —43°, —46° and —48°.
The obtained angles were matched to the columns of the base
matrix (see (34)), and thus to the ranges obtained so far. Based on
that matching we found the angle-range pairs shown in Table III.
The results are also shown in Fig. 10 marked by purple crosses.
Re-estimating the ranges based on those angles did not change
the results.

In order to gquantify the improvement of angle estimation
due to the use of private subcarriers, Monte Carlo experiments
were conducted with 4 private subcarriers under different SNR
settings. 500 experiments were repeated for each SNR. In each
experiment, 1 target was randomly generated and detected.
The performances of cross-correlation based range and Doppler
estimations were also investigated. As shown in Fig. 11, the
STD of angle estimation, after trading off 14.4 Megabits/s for
4 private subcarriers, is much smaller than that of coarse angle
estimation based on the physical receive array. Although the use
of private subcarriers is at a cost of communication rate, the
improvement in sensing performance is significant.

3) Trade-Off: Inorder to evaluate the trade-off between radar
performance and communication rate in DFRC-SS, 500 Monte
Carlo experiments were conducted with different numbers of
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private subcarriers, or equivalently, different levels of commu-
nication rate loss. The number of private subcarriers varied
from 1 to 8. In each experiment, 6 point targets were randomly
placed between —52° and —37° (the area covered by the radar
beam) and were detected following the approach proposed in
Section III-A with different numbers of private subcarriers.
The probability of successful detection, where all targets were
detected and estimated correctly, is shown in Fig. 12. The same
probability but for the case without precoding is also shown in
Fig. 12. From the figure, one can see that the target estimation
can recover most of the targets when the number of private
subcarriers approaches the number of transmit antennas. Also,
the designed precoder improves the detection probability.

Although the loss of communication rate is approximately
3.59 Megabits/s for each private subcarrier, the private subcar-
riers help improve the sensing performance. Under the current
configuration, when M = 8, there would be about 7.57 x 10%!
combinations of private subcarriers which requires 73 bits, i.e.,
19 data symbols to encode the locations of private subcarriers. In
addition, to encode the pairing between private subcarriers and
transmit antennas, if there are INV; = 8 transmit antennas, 16 more
bits, i.e., 4 more data symbols would be needed. However, if the
private subcarriers were chosen to convey pilots, this information
would have to be transmitted anyway to ensure that the receiver
can know where the pilots are.

Under the configuration provided in the Table I, the maximum
bit rate of the system is 14.694 Gigabits per second, when N; =
16 antennas are used and all subcarriers are shared, while the loss
of bit rate due to the use of private subcarriers is 7.175 Megabits
per second per private subcarrier.

VII. CONCLUSION

We have proposed a novel DFRC system, that achieves
high communication rate, and can flexibly trade-off bit rate
for improved sensing performance. The proposed system is
a monostatic MIMO radar that transmits wideband, precoded
OFDM waveforms, and makes efficient use of the available
bandwidth for communication and sensing by allowing antennas
to simultaneously transmit on multiple subcarriers. The system
subcarriers are divided into two groups, shared and private.
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When all subcarriers are used as shared the system fully utilizes
the available bandwidth for communication and thus achieves
high communication rate. Increasing the number of private
subcarriers improves the sensing performance but reduces the
communication rate. However, our simulation results showed
that only a small number of subcarriers is needed to achieve the
maximum sensing performance. We have proposed a novel and
computationally simple method to estimate the target parame-
ters, by first operating on all (shared and private) subcarriers
to obtain coarse angle estimates, and then by fine-tuning those
estimates based on the signal received on the private subcarriers.
The proposed estimation approach, taking advantage of the high
bandwidth available provides high-resolution angle, range and
Doppler estimates. We have also proposed a precoder that is
optimally designed to minimize a weighted combination of the
beampattern error, with respect to a desirable beampattern, and
the SNR at the communication receiver. The private subcarriers
could be used to transmit pilot symbols for channel estimation.
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