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Abstract—In this study, a dual-functional radar and communi-
cation (RadCom) system architecture is proposed for application
at base-stations (BSs), or access points (APs), for simultaneously
communicating with multiple user equipments (UEs) and sensing
the environment. Specifically, massive multiple-input multiple-
output (mMIMO) communication and orthogonal frequency-
division multiplexing (OFDM)-based MIMO radar are consid-
ered with the objective to jointly utilize channel diversity and
interference. The BS consists of a mMIMO antenna array,
and radar transmit and receive antennas. Employing OFDM
waveforms for the radar allows the BS to perform channel
state information (CSI) estimation for the mMIMO and radar
antennas simultaneously. The acquired CSI is then exploited to
predict the radar signals received by the UEs. While the radar
transmits an OFDM waveform for detecting possible targets
in range, the communication system beamforms to the UEs
taking into account the predicted radar interference. To further
enhance the capacity of the communication system, an optimum
radar waveform is designed. Moreover, the network capacity is
mathematically analyzed and verified by simulations. The results
show that the proposed RadCom can achieve higher capacity than
conventional mMIMO systems by utilizing the radar interference
while simultaneously detecting targets.

Index Terms—Interference management, massive MIMO,
OFDM radar, RadCom, precoder design, waveform design

I. INTRODUCTION

The relative success of current wireless networks has raised
the expectations from next-generation networks (5G and be-
yond) such as supporting a massive number of devices,
reducing latency or being able to detect targets present in
the propagation environment. Meanwhile, radar systems and
communication networks have been gradually converging in
the frequency spectrum due to the increasing demands on
bandwidth by various data hungry communication applications
[1]. For example, autonomous driving applications require
the vehicles to communicate with each other (vehicle-to-
vehicle - V2V) and their surroundings (vehicle-to-everything -
V2X), while sensing the road conditions to provide safer and
better driving. Such applications require a substantial amount
of bandwidth of an increasingly congested spectrum [2].
Therefore, this study presents a joint massive MIMO radar-
communication (RadCom) platform, where the radar operates
simultaneously with the communication downlink using the
same time-frequency resources.

M. Temiz and E. Alsusa are with the Department of Electri-
cal and Electronic Engineering, University of Manchester, Manch-
ester, UK and M. W. Baidas is with the Department of Elec-
trical Engineering, Kuwait University, Kuwait. {e-mail:{murat.temiz,
e.alsusa}@manchester.ac.uk, m.baidas@ku.edu.kw}

Several studies have recently investigated the capacity of
communication networks in the presence of radar interference
and have considered various methods to jointly enhance their
performance [3]–[9]. For example, one of the approaches is
forcing a MIMO radar to beamform its waveform into the null
space of the radar-communication interference channel [3], [5].
Another technique for the cooperation between MIMO com-
munication and MIMO matrix completion (MIMO-MC) radar
was introduced in [6] where both radar and communication
systems precode their respective signals to avoid interfering
with each other. To reduce the interference between radar and
communication systems, a robust OFDM radar waveform and
radar transmit power minimization have been proposed in [10],
where scattered communication signals from the targets are
utilized for sensing. Another approach considered utilizing the
inter-user interference as constructive interference at the UEs
to increase the received communication power and alleviate
the radar interference [11]. The studies about the interaction
between these two systems from simply sharing the same spec-
trum to designing cooperatively operating RadCom systems
have been categorically reviewed in [12] which also presented
several applications where co-existence or co-operation of
radar and communication systems are inevitable, such as
in vehicular communication networks or commercial flight
control systems. From another point of view, these two systems
can be developed to operate on the same hardware. Several
studies have recently considered developing dual-functional
RadCom systems [8], [13]–[16]. Liu et al. compared the cases
in which the antenna array is shared for MIMO communi-
cations and MIMO radar, and when separate antenna arrays
are employed for the two systems [13]. When using separate
antennas, the radar signals are forced into the null spaces of
the communication interference channel. While, for the shared
antenna deployment, the targets of interest are recognized as
virtual UEs to allow radar beamforming towards them, though,
this method requires foreknowledge of the target locations. It
was shown that shared deployment provides superior network
capacity. The authors in [14] considered using radar pulses
as downlink communication frames to communicate with
downlink UEs. Also, in [15], a system architecture based on
multibeam waveforms was proposed, while in [16] antenna
selection algorithms are introduced for MIMO RadCom to
transmit signals encapsulating communication and radar sym-
bols. Moreover, joint resource and power allocations were
considered to enhance energy efficiency in RadCom, while
satisfying certain data-rate and target-detection requirements
[17]–[19]. For example, OFDM waveforms were considered to
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achieve such enhancement by allocating different subcarriers
to the communication and radar parts, but this reduces the
available bandwidth to each system, [8].

In contrast to previous studies, in this paper, we propose a
precoding-based transmitter for dual-functional MIMO OFDM
RadCom, where both the communication and radar systems
transmit their respective waveforms by occupying the entire
available bandwidth at the same time. Moreover, the radar
part can emit powerful waveforms and the communication part
communicates with multiple downlink UEs while utilizing the
radar interference. The proposed method predicts the radar
interference at the UEs by exploiting the estimated CSI and
constructs a precoder matrix that can lead to constructive radar
interference at all UEs. The main contributions of this work
can be summarized as:
• Propose a novel massive MIMO OFDM RadCom trans-

mitter architecture that can exploit the radar interference
while providing downlink communications to multiple
users, and radar sensing.

• Present optimum waveform design for the radar part of
the proposed system to enhance the communication and
radar performance.

• Provid analytical channel capacity derivations of the
proposed transmitter architecture with perfectly and im-
perfectly estimated CSI, and verify them by simulations.

In the rest of this paper, Section II introduces the system
model, while Section III presents the precoder design. Section
IV proposes an optimum radar waveform design technique.
The channel capacity analysis and the performance of radar
detection are presented in Sections V, and VI, respectively.
Section VII presents the simulations results and discussions.
Finally, Section VIII draws the conclusions.

Notation: Throughout the paper, the following notation is
used. Bold uppercase letters (e.g. H) indicate matrices while
bold lowercase letters (e.g. h) indicate vectors. Superscript
∗,T , H indicate conjugate, transpose and Hermitian transpose,
respectively. Subscript com and rad symbolize that the cor-
responding parameter is related to communication or radar
systems (e.g. Hcom and Hrad), respectively. E [.] and tr [.]
denote the expectation operator and the trace of a matrix, re-
spectively. The absolute value, Euclidean norm and Frobenius
norm operators are denoted by |.|, ‖.‖ and ‖.‖F , respectively.

II. SYSTEM MODEL

Fig. 1 illustrates the system model in which massive MIMO
downlink communication and transmission and reception of
omnidirectional OFDM radar waveforms are simultaneously
accomplished by the RadCom BS. Fig. 2 illustrates the block
diagram of the proposed BS/AP architecture, where firstly,
the radar waveform and communication precoder matrices are
constructed, followed by the inverse fast Fourier transform
(IFFT) before the signals are conveyed to the antennas via
digital-to-analog converters (DACs) and the transmitter’s (Tx)
RF chains. On the radar receiver side, the reflected signals
are converted to baseband via the analog-to-digital converters
(ADCs). Subsequently, the digital canceller estimates the self-
interference from the transmit antennas and eliminates it
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Fig. 1. A dual-functional BS which beamforms communication symbols
towards the downlink UEs while emitting a radar waveform into all directions.

before the FFT process. After which, the range-velocity and
range-angle profiles of the targets are estimated. The BS
architecture under consideration is composed of an antenna
array consisting of M elements for mMIMO communication
with K UEs, P antennas for transmitting orthogonal MIMO
radar waveforms, and a uniform linear antenna (ULA) array
with Q antennas for receiving the radar returns. The separation
between two adjacent radar receive antennas or two adjacent
communication antennas is dQ = λ/2, and between the two
adjacent radar transmit antennas is (Q− 1) dQ. Time division
duplex (TDD) is selected as the operation mode of the system
as illustrated in Fig. 3, where the duration of each TDD
frame, ∆t = tc + td + tu, includes CSI estimation, downlink
and uplink durations, respectively, and it is shorter than the
coherence time, τ , i.e. ∆t < τ . Due to the reciprocity of
the channels, only uplink CSI estimation is required at the
beginning of each coherence block, [20].

The communication and radar operations are synchronized
such that the radar transmit antennas emit the radar waveform,
while the radar receive antennas receive the echos from the
targets during the communication downlink1. Note that while
communication signals are beamformed towards the desired
UEs by exploiting spatial diversity, the radar signals must
be emitted into all directions to cover a wide range of area
for sensing. This study focuses only on downlink commu-
nication and target detection simultaneously. Hence, uplink
communication is not considered. However, during uplink, all
radar transmit and receive antennas can be utilized for uplink
communication to enhance the uplink capacity. Moreover, it
is also possible to perform target detection during uplink by
employing successive interference cancellation [21].

1The radar Rx must operate slightly longer than the Tx to acquire all the
reflected signals. However, this is relatively short compared to the symbols.
Since the radar range considered is 200m, the maximum round-trip is 1.33
µs, which is less than the downlink and symbol durations, i.e., td = 100 µs
and tsym = 7.66 µs, and is equal to tcp = 1.33 µs, as given in Table II.
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Fig. 2. A prototype downlink RadCom architecture with communication and radar antennas on the left. The virtual antenna array given on the left-bottom
is obtained by MIMO radar processing of two transmit antennas from the radar receive antennas. The uplink communication blocks are not shown here.

CSI Downlink Uplink

CSI OFDM Radar

Δt	

UplinkRadar
Antennas

Communication 
Antennas

CSI OFDM Radar

CSI Downlink

ttc ttd ttu

Fig. 3. Synchronized RadCom TDD operation mode .
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Fig. 4. Arbitrary OFDM waveforms transmitted by two radar antennas and
OFDM communication symbols transmitted by one communication antenna.

A. OFDM MIMO Radar Model

A continuous-wave OFDM radar is considered for radar
sensing since vehicular radars must be able to detect tar-
gets up to 200 m [2]. A modulation symbol-based OFDM
radar processing is employed as it has a higher peak-to-
side-lobe ratio compared to correlation-based radar processing
[22]. Estimation of the target features using this radar is
similar to the channel estimation widely used in MIMO-
OFDM communication systems as explained in Section VI.
The foremost advantages of employing OFDM in RadCom
systems are that the CSI estimation can be simultaneously
performed for the radar and communication antennas, and only
a narrow frequency band (one subcarrier) can be focused on
to alleviate the direct-coupling and cross-system interference.
MIMO radar systems transmit orthogonal waveforms via each
transmit antenna and the signals reflected off the targets are
generally received by an antenna array [23]. Having separated
radar transmit antennas transmitting orthogonal waveforms, a

virtual antenna array consisting of P × Q elements can be
constructed as shown in Fig. 2 by exploiting the diversity of
the transmitted orthogonal radar waveforms [8]. This virtual
array provides a better angle resolution than the real array.
To ensure orthogonality between the radar transmit antennas,
the OFDM radar signals transmitted by the radar antennas are
interleaved in the frequency domain as discussed in [24]. Fig.
4 illustrates the interleaved OFDM waveforms by two radar
antennas and an OFDM communication signal transmitted by
only one antenna element of the array, which overlaps with the
radar spectrum. The interleaved OFDM radar waveform can
be briefly explained as follows. The µth symbol of the OFDM
waveform transmitted by a radar antenna on the nth subcarrier
is denoted by Ωµ,n (t), which is randomly drawn from a nor-
malized M-PSK or M-QAM constellation. Moreover, fc+n∆f
denotes the frequency of the nth subcarrier, ∆f denotes the
subcarrier spacing and t denotes the sampling time. Each
OFDM symbol has a duration of to = tsym+tcp consisting of
the symbol and cyclic-prefix (CP), respectively. Accordingly,
during each downlink subframe, Nsym = td/to symbols are
transmitted. Assuming that the radar has two transmit antennas
such that all subcarriers are occupied by two antennas in an
interleaved way as shown in Fig. 4. Accordingly, the OFDM
waveform matrix, Sp ∈ CV×Nc/P , transmitted by the pth
radar transmit antenna (for p ∈ {1, 2}) can be expressed as

Sp(t)=


Ω1,p (t) Ω1,p+2 (t) · · · Ω1,p+Nc−2 (t)
Ω2,p (t) Ω2,p+2 (t) · · · Ω2,p+Nc−2 (t)

...
...

. . .
...

ΩV,p (t) ΩV,p+2 (t) · · · ΩV,p+Nc−2 (t)

, (1)

where V denotes the total number of symbols in each radar
waveform, transmitted over L TDD downlink subframes.
Therefore, L downlink subframes are combined to obtain
a radar waveform during the radar processing, as in [25].
Considering that Nsym symbols are transmitted in each down-
link subframe, the number of symbols processed for each
radar waveform is V = L × Nsym. Accordingly, each radar
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processing involves a duration of Trad = L ×∆t. Moreover,
the first antenna (i.e. p = 1) transmits on the odd-numbered
subcarriers (i.e. n ∈ {1, 3, . . . , Nc − 1}), whereas the second
antenna transmits on the even-numbered subcarriers (i.e. n ∈
{2, 4, . . . , Nc}). The rows of this matrix denote the OFDM
symbols and each columns denote the symbols transmitted on
each subcarrier. This subcarrier allocation ensures that each
antenna transmits orthogonal signals since only one antenna
is active in each subcarrier while the entire spectrum is
occupied by the radar in an interleaved way. Consequently,
the transmitted waveform matrix by the radar is given by

Srad(t) = (S1 (t) 9 S2 (t)) , (2)

where 9 indicates the interleaving of two antenna wave-
form matrices along the frequency axis2. Unlike conventional
phased array radars, a MIMO radar transmitter does not
usually perform beamforming; instead, it omnidirectionally
emits orthogonal probing waveforms [26], and its receiver
performs direction of arrival (DoA) estimation in addition to
the range and velocity estimations to identify the targets.

B. Antenna Direct-Coupling Model

Since the radar receive antennas operate at the same time
as the radar and communication transmit antennas during
downlink, the direct-coupling between the antennas needs
to be considered while modeling the received radar returns
from the targets. The radar receive antennas must be carefully
isolated from the radar transmit and communication antennas
so as not to be directly affected by the transmitted signals. This
level of isolation can be achieved by an appropriate antenna
array design [27], and isolating the transmit antenna [28]. For
instance, -70 dB isolation is achieved in [28]. Moreover, the
distance between the transmit and receive radar antennas can
be increased, or analog (RF) interference and digital (base-
band) interference cancellation techniques can be employed to
alleviate the direct-coupling between the transmit and receive
antennas [25]. Note that the direct-coupling between the radar
receive antennas and other antennas is not unique to the
proposed system model, but rather a problem that exist in all
continuous-wave radars. In the case of having a large number
of antennas, it is not practical to implement RF interference
cancellation since it would require analog circuitry between
each RF chain. Therefore, a baseband digital direct-coupling
cancellation is employed as illustrated in Fig. 2. Considering
that the antenna array is fixed, the direct-coupling between the
elements can be assumed deterministic compared to the very
short coherence time of the network. Let Cc ∈ CM×Q and
Cr ∈ CP×Q denote the direct-coupling matrices between Q
radar receive antennas and M communication antennas, and
P radar transmit antennas, respectively. The direct-coupling
between the mth and the qth elements, i.e. cmq ∈ Cc or
cpq ∈ Cr, is modeled as cmq = Λmqe

(−2πjdmq/λ) [29],
where Λmq denotes the channel gain of the direct-coupling,
i.e. Λmq[dB] = −70 dB [28], and dmq denotes the distance

2It is possible to employ more than two antennas for the radar with the
same subcarrier allocation pattern. For more information see [22], [24].

between the two antenna elements. Such direct-coupling ma-
trices can be estimated [30] and their impact on the received
radar returns can be removed while processing the received
baseband signals [25]. In this study, the radar is calibrated,
to eliminate self-interference, such that the direct-coupling
matrices are estimated then their products with the transmitted
symbols are canceled from the received radar signals.

C. Communication and Radar Channels and CSI Estimation

The proposed precoder utilizes the CSI of the UEs, hence,
it is necessary to explain the CSI estimation stage along with
the communication and radar channel models. In the CSI
estimation stage, the channel information between the UEs
and the communication and radar antennas can be acquired
by exploiting orthogonal pilot symbols transmitted by the
UEs as both systems employ OFDM waveforms. Accord-
ingly, the estimated channel matrix between K UEs and the
communication antenna array, Ĥcom ∈ CM×K , along with
the estimated channel between the radar transmit antennas
and K UEs, Ĥrad ∈ CP×K , can be effectively acquired.
Note that these estimated channel matrices are only valid
during the coherence time τ , hence CSI estimation must be
regularly performed at the beginning of each TDD frame. The
channels between the BS and the UEs are assumed to be non-
line-of-sight (NLOS). Particularly, they can be modeled as
Rayleigh fading corresponding to independent and identically
distributed (i.i.d.) complex-valued channel matrices as Hcom ∈
CM×K consisting of hm,k∼ CN (0, σ2

k) and Hrad ∈ CP×K
consisting of hp,k∼ CN (0, σ2

k) independent complex random
variables, where the path-loss of the kth UE is given by
E
[
|hm,k|2

]
= E

[
|hp,k|2

]
= σ2

k. For the sake of simplicity,
σ2
k is assumed to be the same for all UEs.
Channel estimation using orthogonal pilot sequences can

be performed by linear estimators such as the least-squares
(LS) or the minimum mean square error (MMSE) estimators.
However, pilot contamination, channel correlation, RF chain
mismatch (i.e. non-symmetric hardware components), or addi-
tive white Gaussian noise (AWGN) may cause imperfect CSI
estimation [31]. Accordingly, instead of considering a specific
channel estimator, a generic imperfect CSI model is adopted
here [32], [33] in which the estimated channel matrices are

Ĥcom =
√

1− ξHcom + Ecom, (3)

and
Ĥrad =

√
1− ξHrad + Erad, (4)

where Ecom ∈ CM×K and Erad ∈ CP×K denote the
corresponding error matrices consisting of complex Gaussian
random values given by em,k ∼ CN

(
0, σ2

E

)
with 0 mean and

variance σ2
E = ξσ2

k and ξ is the error coefficient. Moreover,
these error matrices are independent of Hcom and Hrad.
The total communication transmit power output is denoted
by pcom and the total radar transmit power output is denoted
by prad. As imperfect CSI is mainly caused by the signal-
to-noise ratio (SNR), the error coefficient is modeled as
ξ = zρ−a, where ρ = pcomσ

2
k/σ

2
n denotes the SNR of

each UE, and σ2
n is the noise variance, while z and a are
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used to produce error matrices that are a function of SNR.
Note that scaling down the channel matrices with

√
1− ξ

ensures that the estimated channel matrices have the same
variance as the real channel matrices such that E

[
|hm,k|2

]
=

E
[∣∣∣ĥm,k∣∣∣2] = E

[∣∣√1− ξhm,k
∣∣2]+E

[
|em,k|2

]
, where ĥm,k,

hm,k and em,k denote each element of matrices Ĥcom, Hcom,
Ecom, respectively. A similar notation is also followed for the
radar-UE interference channel matrix Hrad.

III. MIMO PRECODER WITH RADAR INTERFERENCE

The downlink massive MIMO signals are precoded to
constructively interfere with radar signals by exploiting the
channel diversity at the UEs. Although the BS has only
the channel knowledge of the UEs and no prior knowledge
of the targets, it can beamform the communication symbols
towards the desired UEs while striving to utilize the radar
interference on them. On the other hand, the targets are
to be substantially illuminated by the radar waveform since
the communication signals will destructively interfere with
each other in other directions. Since the channel between the
radar transmit antennas and the UEs can be estimated along
with the communication CSI using the same hardware, the
phase and amplitude of the radar interference at the UEs are
predictable [34]. Consequently, we introduce a low-complexity
precoder which exploits this predictable radar interference
and endeavors to utilize it into the desired symbols. This
method does not require a particular radar beamforming, and
thus, it provides greater flexibility to the radar such that
omnidirectional or directional radar waveforms can be emitted.
A power ratio between the radar and communication power
outputs is defined as Ψ = prad/pcom. It is worth noting that
communication signals are transmitted by M (e.g. 50 or more)
antennas and the radar signals are assumed to be transmitted
by only a few antennas (e.g. P = 2). Hence, this corresponds
to the power per radar antenna being much higher than the
power per communication antenna even if the total transmit
powers are the same i.e. Ψ = 1. Only one OFDM subchannel
is considered to explain the proposed precoder as this process
can be performed concurrently in all subcarriers.

Although, the proposed RadCom architecture can be used
with other precoder techniques e.g. maximum-likelihood (ML)
precoder or minimum-mean-squared-error (MMSE) precoder,
the zero-forcing (ZF) precoder is considered in this study
because of its near-optimum performance with relatively less-
complexity. The ZF precoder, denoted by WZF ∈ CK×M , is
fundamentally the pseudoinverse of the estimated communi-
cation channel matrix Ĥcom as given by

WZF=
(
ĤH
comĤcom

)−1

ĤH
com. (5)

In a single-cell massive MIMO RadCom system, the received
baseband signal vector x̃ ∈ CK×1 by K UEs on each
subcarrier during one symbol duration is given by

x̃ = HH
comy+hH

rad

√
pradsp + n, (6)

where n ∈ CK×1denotes the zero-mean complex circu-
lar symmetric Gaussian noise vector with covariance matrix

E
[
nnH

]
= σ2

nI, where I is the K ×K identity matrix. Also,
y ∈ CM×1 denotes the precoded communication symbols
transmitted by M communication antennas, as given by

y =
√
pcomαZFWH

ZFx, (7)

vector x ∈ CK×1 = [x1 x2 ... xK ]T contains the data
symbols intended to be transmitted by the BS to K UEs.
Only one radar transmit antenna is active on each subcarrier
due to the interleaved OFDM radar waveform as explained
before, and hence, hrad ∈ C1×K denotes the channel between
K UEs and the active radar antenna on this subcarrier.
Moreover, sp denotes the transmitted radar symbol by the
active radar transmit antenna on this subcarrier. Also, αZF
is the power coefficient to satisfy the power condition of the
transmitted communication signals by the entire antenna array
as E

[∥∥αZFWH
ZFx

∥∥2
]

= 1, and thus,

αZF = 1/
√

E
[
tr
(
WZFWH

ZF

)]
=

√
M −K
K

, (8)

can be set without considering radar interference [35]. To max-
imize the downlink communication data rate, the interference
at the UEs from the radar needs to be minimized as

min
sp, prad

∥∥√pradhHradsp∥∥2
(9)

s.t.
prad
pcom

≥ Ψ, (10)

‖Srad‖2F
V Nc

= 1, (11)∥∥αZFWH
ZFx

∥∥2
= 1, (12)

where (10) is the power ratio constraint between the radar
and the communication output powers, (11) ensures that the
transmitted radar waveform given by (1) during one TDD
frame through all subcarriers has unit average power and
sp ∈ Srad. Finally, the last constraint (12) limits the power
transmitted by the antenna array. Due to the power con-
straint (10), it is not possible to decrease the radar output
power as it would proportionally degrade the radar detection
performance. Thus, instead of attempting to minimize the
radar output power, creating constructive interference with the
incident radar signals at the UEs is pursued. Considering the
communication signals transmitted and the radar waveform
emitted by the BS, i.e. substituting (7) into (6), the received
baseband symbol vector x̃ = [x̃1 x̃2 ... x̃K ]

T by K UEs will
be

x̃ =
√
pcomHH

comαZFWH
ZFx+hH

rad

√
pradsp︸ ︷︷ ︸

Υrad

+n. (13)

Let us assume that the interference caused by the radar wave-
form (Υrad) can be eliminated by vector Θ ∈CM×1, which
is transmitted within the precoded communication symbols as

x̃ =
√
pcomHH

com

(
αZFWH

ZFx− Θ
√
pcom

)
+
√
pradhH

radsp,

(14)
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where the noise vector is neglected for the sake of simplicity.
After rearranging this equation, x̃ is obtained as

x̃ =
√
pcomHH

comαZFWH
ZFx︸ ︷︷ ︸

x̂

−HH
comΘ +

√
pradh

H
radsp,

(15)
where the first term, indicated by x̂, denotes the symbol vector
desired to be received at the UEs. Hence, the second and the
third terms must cancel out each other to eliminate the radar
interference. This results in

Θ =
(
HH
com

)−1
(√

pradhHradsp
)
, (16)

where
(
HH
com

)−1 denotes the inverse of HH
com, and the

pseudoinverse matrix H
†

com (Moore–Penrose inverse) of the
channel is used instead of

(
HH
com

)−1, as it is the same as
the ZF receiver and can be obtained based on the estimated
communication channel matrix Ĥcom. Accordingly, vector Θ
shall be equal to

Θ =
√
pradWH

ZF ĥH
radsp

=
√
prad

[(
ĤH
comĤcom

)−1

ĤH
com

]H
ĥH
radsp. (17)

This operation requires only the estimated channels Ĥcom

and ĥrad which can be conveniently acquired during uplink
CSI estimation as explained before. Hence, the transmitted
precoded signal vector is given by

y =
√
pcom

(
αZFWH

ZFx
)︸ ︷︷ ︸

useful signal

−√pradWH
ZF ĥH

radsp︸ ︷︷ ︸
radar IC

, (18)

where the first term consists of the symbols to be transmitted
to the UEs while the second term is the radar interference
cancellation signal. Substituting prad = Ψpcom, and given that
Hcom, hrad, x and sp are random complex matrices, vectors
or scalars and they are independent of each other, this precoder
can be simplified as

y =
√
pcomWH

ZF

(
αZFx−

√
Ψ ĥH

radsp

)
, (19)

which requires only one pseudoinverse computation, and
hence, its complexity is comparable to the ZF precoder.
Although the sign of the radar interference cancellation term
(
√
Ψ ĥH

radsp) is negative, transmitting (19) instead of (7) re-
quires an increase in the power transmitted (i.e. ‖y‖2) by
the communication array, since αZFx and

√
Ψ ĥH

radsp are
mutually independent and random complex vectors. Therefore,
this precoder may cause an increase in the transmitted output
power by the communication array, if αZF is kept constant.
The total power transmitted by the array is expressed by

pu =
∥∥∥WH

ZF

(
αZFx−

√
Ψ ĥHradsp

)∥∥∥2

, (20)

and this can be decomposed into the useful symbol power
given by

psym =
∥∥αZFWH

ZFx
∥∥2
, (21)

and the power used for radar interference cancellation opera-
tion given by

pric =
∥∥∥WH

ZF

√
Ψ ĥHradsp

∥∥∥2

. (22)

Accordingly, the total symbol power can be expressed by
pu = psym + pric as the communication and radar signals
are random complex values and independent of each other.
Hereby, we introduce an adaptive αZF calculation to satisfy
the unit power condition by taking into account the power
required to eliminate the radar interference. Accordingly, αZF
must be updated as

αZF =

√
M −K
K

(
1− Ψ

∥∥∥WH
ZF ĥHrad

∥∥∥2
)
, (23)

which decreases as the radar output power increases to satisfy
the power output constraint for the antenna array. This adaptive
αZF computation requires only the knowledge of the precoder
matrix and the estimated channel matrices, and thus, can be
performed within the CSI estimation stage at the beginning of
each TDD frame.

IV. OPTIMUM OFDM RADAR WAVEFORM DESIGN

Unlike correlation based radar, the symbol-based OFDM
radar processing employed here, the estimation performance
of the radar is independent of the transmitted data in the wave-
form, [22], [36]. The optimum radar waveform (ORWF) to
maximize the channel capacity can be designed by minimizing
the distance between the communication symbols and the radar
interference received at the UEs. By doing so, the interfering
radar signals at the UEs will be closer to the indented symbols
transmitted to the UEs and hence less power can be used to
move this interference to the indented symbols’ detection area.

A. Optimum Radar Waveform Design

The optimum radar waveform design problem is expressed
as follows

sp = argmin
sp

∥∥∥αZFx−
√
Ψ ĥH

radsp

∥∥∥2

(24)

s.t.
‖Sp‖2F
V Nc

= 1, (25)∥∥αZFWH
ZFx

∥∥2
= 1. (26)

If a QAM scheme is used, then solving this optimization
problem could be computationally-intensive because of con-
straint (25) which considers the entire radar waveform matrix.
However, a constant modulus modulation scheme, such as
phase shift keying (PSK), can be used. Employing PSK with
R constellation size (e.g. R = 4 for QPSK or R = 16 for
16-PSK) reduces this problem to a search problem which can
be solved in R steps, since constraint (25) will be inherently
satisfied by phase modulation schemes, and the unit power
constraint of the communication symbols given by (26) can
be satisfied by further adjusting αZF . This optimum radar
symbol selection reduces the power required for radar signal
cancellation, pric, resulting in a larger part of the transmitted
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Algorithm 1 Proposed Precoder for RadCom
1 : Input : sp, x, pcom, and prad.
2 : FOR each TDD frame
3 : FOR each pilot symbol
4 : UEs transmit orthogonal pilot symbols ;
5 : BS estimates channel matrices : Ĥcom and Ĥrad ;
6 : END FOR
7 : Compute the precoder matrix by (19) ;
8 : Satisfy power constraint by (23) ;
9 : Determine the optimum radar waveform by (24) ;

10 : Calculate βZF by (27) ;
11 : Transmit precoded signals and radar waveforms ;
12 : END FOR
13 : Output : y and sp.

power by the array to be allocated for the communication.
After selecting the optimum radar symbols, they will be
dependent on the transmitted communication symbols and
estimated channels, hence αZF given by (23) may not satisfy
the unit power constraint. In this case, to satisfy the transmit
power constraint, a scaling factor βZF is introduced, which is
approximated by

βZF ≈ E
[∥∥∥αZFWH

ZFx−
√
ΨWH

ZF ĥHradsp

∥∥∥2
]−1/2

, (27)

which yields βZF > 1. Then the transmitted signal vector with
the optimum radar waveform can be given by

y = pcomβZFαZFWH
ZFx−WH

ZF

√
Ψ ĥHradsp, (28)

where the radar waveform is optimized by (24) depending
on the communication symbols and the channel conditions.
Algorithm 1 summarizes the mechanism of the proposed
precoder including CSI estimation and downlink transmission.

B. Computational Complexity of the Proposed Precoder

The computational complexity of the proposed method
in terms of floating-point operations (FLOPs) is analyzed
here. The complexity of each operation, e.g. multiplication,
summation, square-root, is assumed to be O (1), and matrix
transposes require no FLOPs [37]. The complexity of
calculating the ZF precoder matrix given by (5) requires
one matrix-matrix multiplication, (i.e. O

(
2K2M −K2

)
),

one matrix inversion, (i.e. O
(
K3 +K2

)
) [38], another

matrix-matrix multiplication, (i.e. O
(
2K2M −MK

)
), and

hence, its overall complexity is O
(
K3 + 4K2M −MK

)
.

Table I presents the complexity of the equations used in
the proposed RadCom precoder. Note that the computed
pseudoinverse of the channel matrix can be used in (19),
(23), (24) and (27), and thus, it should be computed only
once and its complexity is included only in (19). Hence,
the overall complexity of Algorithm 1 without ORWF is
then given by O

(
K3 + 4K2M + 5MK + 2M + 4K

)
,

and its complexity with ORWF is given by
O
(
K3 + 4K2M + 7MK + 6RK + 5M + 4K +R

)
.

The complexity of ZF is O
(
K3 + 4K2M +MK + 2M

)
.

It can be observed that the proposed precoder has a similar
complexity to ZF, since the main computational complexity
is caused by computing the pseudoinverse of the channel
matrix. Computing the optimum radar waveform might
introduce extra computational complexity depending on the
constellation size R of the PSK modulation used in the radar
waveform; however, it is still relatively low compared to the
matrix inversion complexity. Lastly, the extra complexity
caused by the ORWF design can be reduced by using a QPSK
radar waveform, instead of high-order modulated waveforms.
This will decrease the complexity of the ORWF; however, at
the cost of decreasing the network sum-capacity.

Table I
COMPLEXITY OF THE EQUATIONS USED IN ALGORITHM 1.

Equation Complexity [FLOPs]
(19) K3 + 4K2M + 3MK + 4K
(23) 2MK + 2M
(24) 6RK +R
(27) 2MK + 3M

V. CAPACITY ANALYSIS

This section analyses the capacity of the proposed precoder
for the perfect and imperfect CSI cases. The transmitted
communication and radar symbol vectors have unit average
power i.e. E

[
|xk|2

]
= 1 ∀k and E

[
|sp |2

]
= 1 due to the

use of PSK modulation for the radar waveform. Therefore,
these two parameters are dropped from the power equations.
Furthermore, the channel gain of the UEs is normalized as
E
[
|hm,k|2

]
= 1 and E

[
|hp,k|2

]
= 1, and hence, E

[
|em,k|2

]
=

ξ and E
[
|ep,k|2

]
= ξ. The variance of the AWGN sample nk

is given by E
[
|nk|2

]
= σ2

n at the kth UE.

A. Perfect CSI Case

When the BS perfectly estimates CSI, the received signal
of the kth UE can be given by

x̂k = hHcom,k

(√
pcomβZFαZFwH

k xk −
√
pradwH

k ĥ∗rad,k sp

)
+

K∑
i=1,i6=k

hH
com,k

(√
pcomβZFαZFwH

i xi −
√
pradwH

i ĥ∗rad,isp

)
+
√
pradh

∗
rad,k sp + nk, (29)

where hcom,k ∈ CM×1 denotes the channel vector between
the kth UE and the antenna array, wH

k ∈ C1×M denotes the
kth row of the ZF precoder corresponding to the kth UE, and
hrad,k denotes the interference channel between the kth UE
and the active radar antenna on that subcarrier. The first term
consists of the symbols to be transmitted to the kth UE and
the signal to cancel the predicted radar interference at that UE.
The second term refers to the interference from other UEs and
the third term is the interference induced by the radar. This
can be rearranged as
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x̂k =
√
pcomβZFαZFhH

com,kwH
k xk︸ ︷︷ ︸

Υk

+

√
pcom

K∑
i=1,i6=k

hHcom,kw
H
i

(
βZFαZFxi −

√
Ψ ĥ∗rad,isp

)
︸ ︷︷ ︸

Υiu

+
√
pradsp

(
h∗rad,ksp − hH

com,kwH
k ĥ∗rad,k

)
︸ ︷︷ ︸+nk,

Υrad

(30)

where Υiu and Υrad express the inter-user interference and
the residual radar interference after the radar interference
cancellation, respectively. The average signal-to-interference-
plus-noise ratio (SINRk) for the kth UE is calculated by

SINRk =
E
[
|Υk|2

]
E
[
|Υiu|2

]
+ E

[
|Υrad|2

]
+ σ2

n

. (31)

When the BS perfectly estimates both channel matrices,
ĥcom,i = hcom,i and ĥrad,i = hrad,i will be ob-
tained. As the channel coefficients are assumed to be
i.i.d., then E

[∣∣∣hHcom,kwH
k

∣∣∣] = E
[∣∣∣ĥHcom,kwH

k

∣∣∣] ∼= 1 and

E
[∣∣∣hHcom,kwH

i

∣∣∣] = E
[∣∣∣ĥHcom,kwH

i

∣∣∣] ∼= 0 can be given if
i 6= k, and the number of BS antennas is sufficiently large
(i.e. Mc � K). Hence, the average received useful signal
power is calculated as

E
[
|Υk|2

]
= pcomβ

2
ZFα

2
ZFE

[∣∣hH
com,kwH

k

∣∣2]
= pcomβ

2
ZFα

2
ZF , (32)

and the power of the interference from the symbols transmitted
to the other UEs will be

E
[
|Υiu|2

]
= pcomβ

2
ZFα

2
ZF

K∑
i=1,i6=k

E
[∣∣hH

com,kwH
i

∣∣2]

+ prad

K∑
i=1,i6=k

E
[∣∣∣−hH

com,kwH
i ĥ∗rad,i

∣∣∣2] ∼= 0. (33)

The power of the residual radar interference after interference
cancellation can be given by

E
[
|Υrad|2

]
= pradE

[∣∣∣h∗rad,ksp − hH
com,kwH

k ĥ∗rad,ksp

∣∣∣2] ∼= 0.

(34)
Consequently, the downlink achievable capacity of the kth UE
with perfect CSI is given by

Ck = log2 (1 + SINRk)

∼= log2

(
1 +

β2
ZFα

2
ZF pcom
σ2
n

)
, (35)

where αZF is given by (23) and βZF is given by 27. Finally,
the achievable downlink sum-capacity of the entire network
can be computed by Csum =

∑K
k=1 Ck. As a performance

benchmark, the lower bound of the ZF capacity under favor-
able channel conditions is used, as [35]

CZF ≥ log2

(
1 +

pcom (M −K)

Kσ2
n

)
. (36)

B. Imperfect CSI Case

If there is a CSI error such that ξ 6= 0 with regards to (3)
and (4), then the real channel vectors are given by

hcom,k =
ĥcom,k − ecom,k√

1− ξ
, and hrad,k =

ĥrad,k − erad,k√
1− ξ

,

(37)
respectively, where ecom,k ∈ CM×1 and erad,k ∈ CP×1 are
the corresponding error vectors for the kth UE‘s estimated
CSI. The channel vectors can be substituted with the imper-
fectly estimated CSI vectors in (19) to obtain the useful signal
vector Υk as

Υk =
√
pcomβZFαZF

(
ĥHcom,kwH

k − eHcom,kw
H
k

)
√

1− ξ
. (38)

Thus, the average power of the useful signal can be given by

E
[
|Υk|2

]
=
pcomβ

2
ZFα

2
ZF

1− ξ
E
[∣∣∣ĥHcom,kwH

k − eHcom,kw
H
k

∣∣∣2]
=
pcomβ

2
ZFα

2
ZF

1− ξ

(
E
[∣∣∣∣ĥHcom,kwH

k

∣∣∣∣2]
− 2E

[∣∣∣∣ĥHcom,kwH
k

∣∣∣∣]E[∣∣∣∣eHcom,kwH
k

∣∣∣∣]
+ E

[∣∣∣∣(eHcom,kwH
k

)2 ∣∣∣∣]
)
, (39)

where E
[∣∣∣eHcom,kwH

k

∣∣∣] = ξ, and

E
[∣∣eHcom,kwH

k

∣∣2] ≈ ξ2 +
ξ

M −K
. (40)

Proof: See Appendix.
Consequently, the analytical expression of the useful signal

power for the kth UE is obtained as

E
[
|Υk|2

]
≈ pcomβ

2
ZFα

2
ZF

1− ξ

(
1− 2ξ + ξ2 +

ξ

M −K

)
≈ pcomβ

2
ZFα

2
ZF

1− ξ

(
(1− ξ)2

+
ξ

M −K

)
≈ pcomβ2

ZFα
2
ZF

(
1− ξ +

ξ

(M −K) (1− ξ)

)
.

(41)
Including channel estimation errors in (33), the interference
from other UEs can be given by

Υiu =
√
pcom

K∑
i=1,i6=k[

ĥHcom,kw
H
i − eHcom,kw

H
i√

1− ξ

(
βZFαZF −

√
Ψ ĥ
∗
rad,i

)]
,

(42)
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and the power of this interference will be

E
[
|Υiu|2

]
=
pcom
1− ξ

K∑
i=1,i6=k

(
β2
ZFα

2
ZFE

[∣∣eHcom,kwH
i

∣∣2]
+ΨE

[∣∣eH
com,kwH

i

∣∣2]E [∣∣∣ĥ∗rad,i∣∣∣2])
=
pcom
1− ξ

K∑
i=1,i6=k

E
[∣∣eH

com,kwH
i

∣∣2] (β2
ZFα

2
ZF + Ψ

)
, (43)

where E
[∣∣∣ĥ∗rad,i∣∣∣2] = 1, and

E
[∣∣eHcom,kwH

i

∣∣2] ≈ ξ

M −K
. (44)

Proof: See Appendix.
Consequently, the power of the inter-user interference is

E
[
|Υiu|2

]
≈
pcomξ

(
β2
ZFα

2
ZF + Ψ

)
(K − 1)

(1− ξ) (M −K)
. (45)

This equation shows that imperfect CSI may also cause an
extra radar interference, and this is because, the signals sent
to utilize the radar interference at other UEs can be received
as an extra interference by the kth UE due to CSI estimation
errors. The residual radar interference under imperfect CSI is
found by substituting the CSI error vector into (34), yielding

Υrad =

√
prad
1− ξ

×
[(

ĥ∗rad,k − e∗rad,k

)
−
(
ĥHcom,kw

H
k − eHcom,kw

H
k

)
ĥ∗rad,k

]
. (46)

Furthermore, the power of this radar interference is given by

E
[
|Υrad|2

]
=
Ψpcom
1− ξ

E
[∣∣−e∗rad,k + eHcom,kw

H
k

∣∣2]
=
Ψpcom
1− ξ

(
E
[∣∣e∗rad,k∣∣2]+ E

[∣∣eHcom,kwH
k

∣∣2]
− 2E

[∣∣e∗rad,k∣∣]E [∣∣eHcom,kwH
k

∣∣]), (47)

where E
[∣∣∣e∗rad,k∣∣∣] ≈ √ξ, E

[∣∣∣eHcom,kwH
k

∣∣∣] = ξ, and the
analytical expression of the second term is given by (40),
hence

E
[
|Υrad|2

]
≈ Ψpcom

1− ξ

(
ξ + ξ2 − 2ξ

√
ξ +

ξ

M −K

)
. (48)

Consequently, the SINR of the kth UE with imperfect CSI
is derived as (49) shown at the top of the next page, and
the channel capacity with imperfect CSI can be calculated by
substituting SINRimpk into (35).

VI. RADAR DETECTION PERFORMANCE

In addition to the capacity of the communication system, the
accuracy of the target feature estimation is also an important
performance metric that needs to be considered in RadCom
systems. From the radar’s perspective, communication signals
would be perceived as interference degrading the accuracy of
the detection. Assuming that U targets are present, the channel
between the pth radar transmit antenna, targets and the qth

radar receive antenna is calculated by element-wise division
of the transmitted and received radar waveforms as [8]

Gqp (np, µ) =
Dq (np, µ) + Nq (np, µ)

Sp (np, µ)

=

U∑
u=1

κp,u,qe
−j2πnp∆fΘuej2πfD,uµto +

Nq (np, µ)

Sp (np, µ)
, (50)

where Dq (np, µ) and Nq (np, µ) denote the µth reflected
symbol and the sum of the noise and interference at this
symbol, respectively, received by the qth antenna in npth the
subcarrier. Sp (np, µ) denotes the (np, µ)th symbol of the radar
waveform matrix transmitted by the pth radar transmit antenna.
Moreover, κp,u,q denotes the two-way channel gain given by

κp,u,q =
λ
√
GtxGrxσu

(4π)
3/2

Ru,pRu,q
(51)

where Ru,p and Ru,q denote the distances between the radar
transmit and receive antennas and the uth target, repectively.
Moreover, e−j2πnp∆fΘu with Θu = (Ru,p +Ru,q) /c0 de-
notes the phase shift that occurs due to the path length
(Ru,p +Ru,q) along which electromagnetic waves travel.
Also, c0 denotes the speed of light, while Gtx and Grx denote
the gains of each transmit and receive antennas, respectively
and σu is the radar cross-section (RCS) of the uth target.
The second phase shift term, given by ej2πfD,uµto , includes
velocity information of the targets. The Doppler shift caused
by the target velocities is given by fD,u = 2vu/λ, where vu
denotes relative speed of the uth target. The noise, interference
and direc-coupling matrix, N, at the radar receive antennas is
given by

N = pcom
(
ΨCH

r Srad + CH
c y + GH

comy
)

+ w + n, (52)
where the first three terms indicate the direct-coupling from
radar transmit antennas, the direct-coupling from the com-
munication antennas and the reflected communication signals
from the targets. Srad ∈ CP×V denotes the transmitted
symbols by radar transmit antennas. Gcom ∈ CQ×M denotes
the interference channel between communication antennas,
targets and the radar receive antennas and it is modeled similar
to Gqp. The clutter is denoted by w which includes other
reflected signals from the surrounding area and it is distributed
as w ∼ CN

(
0, σ2

w

)
and the AWGN noise n is distributed as

n ∼ CN
(
0, σ2

n

)
. As communication signals are precoded in

order to be beamformed onto the UEs, the target is mostly
illuminated by the omnidirectional radar waveform and it may
receive some sidelobes from the communication signals. This
inherently decreases the interference from the communication
system to the radar.

A. Range and Velocity Estimation

To extract the range and velocity information of the targets,
2D Fourier transform can be applied through the frequency
and time axes over the acquired channel data, Gqp, for each
radar transmit and receive antenna pair, respectively [22]. The
range profile of the targets can be obtained by taking inverse
fast Fourier transform (IFFT) of the obtained target channel
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SINRimpk ≈
pcomβ

2
ZFα

2
ZF

(
1− ξ +

ξ

(M −K) (1− ξ)

)
pcom
1− ξ

[
ξ (K − 1)

M −K
(
β2
ZFα

2
ZF + Ψ

)
+ Ψ

(
ξ + ξ2 − 2ξ

√
ξ +

ξ

M −K

)]
+ σ2

n

. (49)

matrix, Gqp, through the subcarrier axis (np) for each radar
transmit and receive antenna pair, and the velocity profile can
be obtained by taking the FFT of the obtained matrix through
the symbol axis (µ), given by [8], [22], [39]

Dqp = FFTµ
[
IFFTnp [Gqp]

]
. (53)

Acquired range-velocity profiles (Dqp ∈ CV×Nc/P ) will
have a processing gain of Gp = V Nc/P obtained by the
FFT/IFFT operations, and hence, the SINR of the radar image
is multiplied by Gp after the range-velocity processing.

B. Estimation of Direction of Arrivals (DoA)

Since the ULA is considered as the radar receive antenna
array, only azimuth angles of the targets are estimated here,
however, it is also possible to estimate the elevation angles
by using a uniform rectangular array (URA). DoA estimation
can be performed using different methods such as Fourier
Beamforming, MUSIC or ESPRIT methods [22]. For the
sake of simplicity, the Fourier Beamforming method is used
in this study for DoA estimation. Assume that the range-
velocity matrices are summed along the velocity axis such
that Dp,q (np) =

∑V
µ=1 Dp,q (np, µ), and thus, each row of

these matrices can be rearranged as
D (np) = [D1,1 (np) D1,2 (np) · · · DP,Q (np)] , (54)

where D (np) ∈ C1×PQ. The range-angle (azimuth) profile
(DoA) matrix, Q ∈ CNc/P×Φ, is computed by the Frobenius
inner product as [8]

Q (np, φ) = 〈D,B (φ)〉F , (55)
where B ∈ CPQ×Φ denotes the beamformer matrix with each
column vector defined by

B (φ) =

[
1 ejsin(φ)2π

dQ
λ · · · ejsin(φ)2π(PQ−1)

dQ
λ

]T
. (56)

C. Probability of Detection

The probability of detection (PD) of an arbitrary target
under a constant probability of false-alarm (PFA) threshold
is also considered as a radar performance metric. The self-
interference caused by the direct coupling is assumed com-
pletely eliminated by the aforementioned digital canceller,
as otherwise, it may cause a constant false-positive target
detection. The probability of detection is evaluated based on
the range-velocity profile of the single target. To compute the
probability of detection, two hypothesis are considered [40].
These hypothesis are H0, where the return signal includes
clutters, noise and reflected communication signals, and H1,
where the return signal includes echos from the target as well
as the aforementioned signals. The probability of false-alarm
can be obtained by PFA = Pr {H1;H0} and the probability

of detection is PD = Pr {H1;H1} while ensuring the given
maximum constant false-alarm rate (CFAR) i.e. PFA = 10−6.
Lastly, PD is calculated based on the range-velocity radar
images of a single target under downlink communication inter-
ference. These images are obtained using the aforementioned
range-velocity estimation method via simulations.

VII. SIMULATIONS AND NUMERICAL RESULTS

In this section, the proposed RadCom architecture is eval-
uated. QAM OFDM modulated communication downlink is
considered under radar interference and CSI errors. PSK
waveforms are considered for the radar waveform. RCS of
the targets is chosen as σu = 0.1 dBm2 and the targets are
randomly located in the range of 20 m to 200 m in LOS
to the BS, in each simulation scenario. The radar operates
over L downlink subframes, and thus, the radar processing
time is given by Trad = L × ∆t. Table II summarizes the
simulation parameters which are carefully selected to satisfy
the radar and communication requirements. For instance, the
TDD frame duration is chosen within the channel coherence
time by considering the maximum target relative velocity of
200 km/h. Moreover, Table II presents radar performance
metrics, such as radar range, velocity and angle resolutions,
which are calculated as in [8], [22]. The maximum range of the
radar is 200 m as rmax = tcpc0/2, and the subcarrier spacing
is selected large enough to tolerate the impact of the Doppler
shift i.e. ∆f ≥ 10fDmax , and hence, avoid the subcarrier
misalignment [22]. The simulations are averaged over 105

random and independent network instances, where the channel
conditions vary from one network instance to another.

Fig. 5 illustrates the sum-capacity of 10 UEs when the BS
is equipped with 100 antennas and operates with the proposed
optimum radar waveform (ORWF) or random radar waveform
(RRWF). As benchmarks, the capacity of the ZF without radar
interference and under radar interference are given in this
figure. It can be seen from Figs. 5a and 5b that the proposed
precoder substantially outperforms the ZF as its capacity is
significantly degraded by the radar interference. Moreover,
RadCom with ORWF can even exceed the achievable capacity
of the ZF perocoder when the number of active UEs is less
than a certain number depending on the power ratio Ψ . The
ZF precoder is significantly affected by the radar interference
and is outperformed by the RRWF with imperfect CSI. The
capacity gap between ORWF and RRWF gradually increases
when the number of UEs grows. It is also observed that
imperfect CSI significantly degrades the network capacity
especially when the number of UEs increases. The higher
radar power restricts the maximum number of UEs that can be
served at the same time as seen in Fig. 5a and 5b. These figures
also show that the simulation results match the analytical
capacity derivations for different values of Ψ , K, and ξ.
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Table II
PARAMETERS USED IN SIMULATIONS.

Parameter Value Description
fc 5.8 GHz Carrier frequency
B 100 MHz Bandwidth

∆f 114 kHz OFDM subcarrier spacing
Nc 877 Number of subcarriers
∆t 200 µs TDD frame duration
tsym 8.77 µs Elementary symbol duration
tcp 1.33 µs Cyclic prefix duration
to 10 µs OFDM symbol duration

Nsym 10 Symbols in each downlink subframe
L 40 Subframes in each radar waveform

Trad 8 ms Radar processing time (L× ∆t)
V 400 Number of radar symbols (L×Nsym)
pN0 −174 dBm/Hz Noise power

Gtx, Grx 5 dBi Receive and transmit antenna gains
z, a 0.3, 0.8 CSI error model parameters
σ2
w 0.2 Variance of radar clutter
P 2 Number of radar transmit antennas
Q 10 Number of radar receive antennas

rmax 200 m Maximum radar detection range
vmax 55.6 m/s Maximum detectable target velocity
∆r 1.5 m Radar range resolution
∆v 6.5 m/s Radar velocity resolution
∆φ 5.73◦ P ×Q MIMO radar angle resolution
Gp 52.44 dB OFDM radar processing gain

The impact of increasing radar power output is investigated
in Fig. 6 which shows the capacity per UE with 50, 100 and
200 BS antennas when the BS has the perfect CSI knowledge.
Having more BS antennas make the communication system
robust against a higher radar power output. For example, while
it can alleviate the radar interference up to Ψ = 2 with M = 50
BS antennas, it can support much higher radar output power
when more antennas are employed i.e. Ψ = 8 with M = 200.
This figure also shows that the proposed method under radar
interference can outperform the ZF precoder which does not
have any radar interference with up to Ψ = 6. When the radar
output power grows, the gap between the simulation and the
analytical results widens as cancellation of very high radar
output power causes non-linearity in the precoded vector.

Fig. 7 compares the proposed precoder to the shared and
separated antenna deployments which were proposed and
examined in [13]. In this comparison, the total number of
radar and communication antennas is 50, the number of UEs
is 5 and the number of targets is 2. While RadCom ORWF
and RRWF employ 48 antennas for communication and 2
for emitting omnidirectinal radar waveform, the separated
deployment employs 40 antennas for communication and 10
antennas for radar as it needs more radar antennas to perform
beamforming towards the targets. The shared deployment uses
all of the antennas for transmitting communication data and
radar waveform jointly. The communication and radar powers
are assumed to be equal to each other i.e. Ψ = 1 in all
scenarios. It is observed that RadCom ORWF substantially
outperforms the other schemes due to employing optimum
radar waveforms and utilizing radar interference.

In the previous figures, it was shown that RadCom with
ORWF performs significantly better than RRWF. Employing
a higher-order PSK modulation scheme might provide more
options for the selection of the optimum radar symbol. How-
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Fig. 5. Sum-capacity of the network as a function of number of UEs under
radar interference with Ψ = 1 and Ψ = 3. K = 10, M = 100, SNR is
ρ = 5 dB. Channel estimation error parameters β = 0.3 and α = 0.8.
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Fig. 8. Performance of different radar waveform modulation schemes.

ever, it may also increase the complexity of radar waveform
optimization as it would need to search for the optimum
symbol in all possible symbols of the constellation. Fig. 8
illustrates the sum-capacity with different PSK modulation
schemes. While the performance gap between QPSK and 16-
PSK is significant, the constellations with higher-order (e.g.
256-PSK) than 16-PSK do not provide significantly higher
capacity. This can be concluded that 16-PSK allows the
selection of near-optimum radar waveform with a reasonably
shorter symbol search. This figure also shows that even ORWF
with QPSK provides substantially better capacity than RRWF.
Besides, having more antennas enhances the capacity of the
network with both waveforms even under imperfect CSI.

The radar detection performance of the proposed architec-
ture is evaluated in a scenario where M = 100, K = 10,
P = 2, Q = 10, and Ψ = 2. Two targets (i.e. U = 2) are
present in the radar range with the same RCS (σu = 0.1

(a) (b)

(c) (d)

Fig. 9. Estimated range-velocity profiles of two targets: (a) with the direct
coupling, (b) after eliminating the direct coupling. Estimated range-angle
(azimuth) profiles of the targets using the Fourier beamforming method: (c)
without MIMO (d) with MIMO radar processing. P = 2, Q = 10.

dBm2). Targets’ velocities are -10 m/s and 15 m/s, ranges
are 140 m and 90 m, and azimuth angles are -30◦ and 20◦,
respectively. The average received SINR of the radar signals
received from two targets is −20 dB. However, the processing
gain obtained due to the FFT/IFFT operations is Gp = 52.44
dB, which is determined using Gp = V Nc/P . Particularly,
over 40 TDD subframes—within Trad = 8 ms of radar
processing time—the radar waveform consists of V = 400
symbols over Nc = 877 active subcarriers. Accordingly, the
SINR of the radar images is 32.44 dB, and this substantially
reduces the impact of the interference from the communication
network. Fig. 9a shows the range-velocity profile of the targets
with the impact of the direct-coupling which is seen as a
static object very close to the radar in alignment with the
previous studies [28]. After estimating this direct-coupling and
calibrating the radar to eliminate it, the range-velocity profile
presented in Fig. 9b is obtained. It is evident that eliminating
the direct-coupling makes the targets more obvious in the radar
image. Accordingly, the radar is assumed to be calibrated to
completely eliminate the direct-coupling in the next figures.
Fig. 9c and Fig. 9d illustrate the azimuth angle estimation of
these two targets with the Fourier beamforming method with
and without MIMO radar processing, respectively. Applying
the MIMO radar processing creates a virtual array with P ×Q
elements (i.e. 2 × 10), and hence, provides a better angle
resolution as seen in the comparison of Fig. 9c and Fig. 9d.

Fig. 10 illustrates the trade-off between the communication
sum-capacity and radar probability of detection (PD) while
10 UEs are being served and only one target is being present
within 200 m range. In this evaluation, ORWF with 16-PSK is
employed as the radar waveform by P = 2 radar antennas, and
perfect and imperfect CSI situations are considered. The radar-
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communication power ratio Ψ is varied between Ψ = 0 and
Ψ = 4 to achieve different radar detection performances and
its impact on the sum-capacity is observed. The probability
of detection of the radar approaches 1 as the radar output
power increases up to Ψ = 4 in this specific scenario. It can
be seen that the setup with M = 100 antennas provides a
superior trade-off such that nearly both subsystems can reach
their maximum performances without significantly affecting
each other if perfect CSI is achieved at the BS. In the case
of employing M = 50 antennas, the communication capacity
should be significantly degraded to achieve a reasonable radar
detection accuracy. For instance, in the event of Ψ = 3.5, the
radar can achieve nearly its maximum detection performance
and the sum-capacity of the network with M = 100 is still
very close to the capacity of the ZF precoder. On the other
hand, to achieve a similar detection performance with M =
50, the network sum-capacity would be substantially degraded.

The presented analyses and simulation results verify the
effectiveness of the proposed precoder for mMIMO OFDM
RadCom systems, as it provides a substantial capacity im-
provement at the cost of a slight increase in system complexity.
Moreover, it has been observed that the accuracy of CSI
estimation is vital to achieve desirable communication and
radar performances. The proposed architecture offers some
advantages over employing a single OFDM waveform for
radar and communications as in [13], [41]. Firstly, while
employing a single OFDM waveform for both functions can
be practical in single-input single-output (SISO) systems, it
requires prior knowledge of targets or beam-scanning to detect
the targets in multi-user scenarios. Because, in multi-user
mMIMO systems, the data is beamformed onto the UEs, thus,
the transmitted signal power by the BS is not uniform, forming
narrow beams towards the UEs with null spaces between them.
The proposed architecture enables the detection of the targets
omnidirectionally while beamforming data onto UEs. Thus,
it does not require any prior knowledge regarding targets
or beam-scanning, unlike in [13], [41]. Secondly, it enables
detection of several targets at the same time as the target
detection is omnidirectional. After estimating the locations of
the targets by the proposed architecture, beamforming towards
targets can be performed using the methods proposed in [13],
[41]. Thirdly, considering that communication systems employ
QAM modulations, this can prevent the radar from providing
a constant detection performance, since the signal power
changes over time in QAM schemes if a single waveform
is employed for the both functions. In turn, the proposed
architecture satisfies both radar and communication require-
ments, and allows multi-user communication to substantially
improve the communication capacity by transmitting indepen-
dent waveforms, and exploiting the interference between them
to maximize their performance. Lastly, it has been shown that
the optimum waveform design improves the communication
capacity without affecting the radar performance, since the
symbol-based OFDM radar processing is employed.

VIII. CONCLUSIONS

This study has presented a dual-functional mMIMO OFDM
communication and radar system architecture to communicate
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Fig. 10. Communication sum-capacity and radar probability of detection
(PD) under various radar-communication power ratios (Ψ ) with M = 50 and
M = 100 BS array elements. SNR = 5 dB, K = 10 UEs, pFA = 10−6.

with multiple UEs and sense the environment by exploiting
the interference between these two systems. It was shown that
the interference at the UEs caused by the radar can be entirely
utilized while the radar omnidirectionally transmits waveforms
which have higher power than the communication signals.
Moreover, an optimum OFDM radar waveform design tech-
nique is presented to maximize the capacity of the communica-
tion network. Mathematical expressions of the communication
capacity have been derived under CSI estimation errors and
power constraints and verified by simulations. The detection
performance of the radar subsystem is also examined under
the interference from the communication subsystem, and the
trade-off between these systems has been revealed. This study
shows that it is possible to develop a transmitter architecture
which can satisfactorily communicate with multiple UEs at the
same time-frequency resources while sensing the environment,
without adding significantly extra cost or complexity to the
system. The proposed RadCom architecture can be employed
in vehicular or cellular networks to enable joint sensing
and communication using the same hardware and the same
frequency-time resources.

APPENDIX

Analytical expressions of the interference caused by CSI
errors are derived here. Firstly, the power of the interference
from other UEs due to CSI errors can be written as

E
[∣∣eHcom,kwH

i

∣∣2] = E
[∣∣eHcom,kwH

i

∣∣]2 + Var
(
eHcom,kw

H
i

)
,

(57)

where Var (.) denotes the variance. E
[∣∣∣eHcom,kwH

i

∣∣∣]2 ≈ 0

can be approximately accepted since eHcom,k and wH
i are very

slightly correlated. Let e∗com,k,m ∈ eHcom,k and w∗i,m ∈ wH
i

denote the mth elements of the corresponding vectors. Ac-
cordingly, the following approximation can be given
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Var
(
eHcom,kw

H
i

)
≈

M∑
m=1

Var
(
e∗com,k,m

)
Var

(
w∗i,m

)
(58)

≈MVar
(
e∗com,k,m

)
Var

(
w∗i,m

)
, (59)

where Var
(
e∗com,k,m

)
= ξ and Var

(
w∗i,m

)
= 1

M(M−K) .
Hence,

E
[∣∣eHcom,kwH

i

∣∣2] ≈ ξ

M −K
. (60)

In the same manner, E
[∣∣∣eHcom,kwH

k

∣∣∣2] can also be explicitly

written as (57), however, this time E
[∣∣∣eHcom,kwH

k

∣∣∣]2 = ξ2

due to the strong correlation between eHcom,k and wH
k , and

Var
(
eHcom,kw

H
k

)
is the same as given by (60), hence, the

following expression is obtained,

E
[∣∣eHcom,kwH

k

∣∣2] ≈ ξ2 +
ξ

M −K
. (61)
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