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Abstract—Several studies have been conducted for designing
beam synthesis in radar and communications combined systems,
in pursuit of enhancing the performance of the target detection
and wireless communications simultaneously. However, their
channel models, assuming no characteristics of directionality, are
unrealistic in the sense that the radar channels should in general
be line-of-sight (LOS), whereas the communications channels are
often none-LOS (NLOS). In this paper, the performance of the
previous schemes is re-evaluated under a practical environment
in which the radar channel is LOS while the communications
channel is NLOS. With careful consideration of the directionality
of ray-based channels, numerical results reveals clear trade-off
between the minimum signal-to-noise-plus-interference-ratio and
peak to side lobe ratio.

Index Terms—Radar, communications, line-of-sight (LOS),
non-line-of-sight (NLOS), beam synthesis

I. INTRODUCTION

Recent studies have shown that sharing spectrum for com-
munications and radar systems can significantly increase spec-
tral efficiency [1]–[3]. In multi-antenna systems, proper beam
synthesis is crucial to compromise between the communication
data rate and the target detection performance. In the viewpoint
of antenna configuration, two separated groups of antennas
can be used for communications and radar, respectively. On
the other hand, all the antennas can be used both for com-
munications and radar, i.e., shared antenna. In this paper,
we restrict ourselves to the separated antennas scenario, in
which two different beam patterns can be individually and
flexibly optimized for communications and target detection
functionality.

In the literature, the channels to communications users are
assumed to simply follow the complex Gaussian distribution,
i.e., non-line-of-sight (NLOS) fading with rich scattering,
without careful consideration of feasibility of the scenario.
The channel to the radar target must be line-of-sight (NLOS)
to apply conventional target detection theory. Thus, the geo-
metric scenario is essential to ascertain the feasibility of the
coexistence of NLOS and LOS channels.

In Fig. 1, we first present a feasible scenario under which
the radar target is seen by the base station with LOS and
where the communications users are surrounded by scat-
ters, thereby yielding NLOS channels. As a result, angle
of departure (AoD) becomes critical when considering the
channels to the communications users. Previous results on

Fig. 1. Feasible system model for the communication and radar combined
system

mmWave channel modeling have been borrowed to establish
accurate assumptions. We then reformulate the beam synthesis
algorithms originally proposed in [1]. Numerical simulations
are provided under the considered feasible scenario, which
show beampatterns using channel model which have angular
information about users’ location and the complex Gaussian
channel model, respectively.

II. SYSTEM MODEL

Two groups of transmit antennas at the base station, com-
posed of NR and NC uniform arrays, respectively, are used for
radar and communications, respectively. The received signal of
the i-th user is expressed as

xi = gT
i

K∑
k=1

wkck + fTi r+ wi, (1)

where K is the number of users, gi ∈ CNC×1 and fi ∈ CNR×1

are the channel vectors from communication antennas and
radar antennas to the i-th user. The transmit signal vector
of the radar antennas is denoted by r ∈ CNR×1, and the
communication transmit symbol is denoted by ck. Due to rich
scattering around the user, the communication channels are
assumed to be NLOS, thus, wi is the received noise of the
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i-th user and it follows the complex Gaussian distribution,
CN(0, N0).

The array steering vectors from the NR radar arrays and
from the NC communications arrays to the target located at
the angle θ are expressed as

a1(θ) = [1, ej2π∆sin(θ), ..., ej2π(NR−1)∆ sin(θ)]T ∈ CNR×1,
(2)

a2(θ) = [1, ej2π∆sin(θ), ..., ej2π(NC−1)∆ sin(θ)]T ∈ CNC×1.
(3)

III. BEAM SYNTHESIS

For the separated antennas utilization, a beam synthesis
algorithm with zero communication interference from the
radar arrays, originally proposed in [1], is reviewed for self-
completeness. For the signals transmitted from the radar arrays
not to interfere the communication signals at the users, the
radar transmit signal vector r should satisfy the following
constraint:

E{
∣∣∣∣fTi r

∣∣∣∣} = fi
TE{rrH}f∗i = tr(f∗i f

T
i R) = 0, ∀i. (4)

For generating beampattern, we need the covariance matrix of
the transmit signal vector of the radar antennas, R = E{rrH}.

min
α,R

M∑
m=1

∣∣αPd(θm)− a1(θm)HRa1(θm)
∣∣2 (5a)

s.t. diag(R) =
P01

NR
, (5b)

R � 0,R = RH , α ≥ 0, (5c)

tr(f∗i f
T
i R) = 0, ∀i. (5d)

For ease of the implementation, the problem (5a) can be
equivalently written as

min
α,R

t (6)

s.t.
M∑

m=1

∣∣αPd(θm)− a1(θm)HRa1(θm)
∣∣2 ≤ t, (7)

diag(R) =
P01

NR
, (8)

R � 0,R = RH , α ≥ 0, (9)

tr(f∗i f
T
i R) = 0, ∀i. (10)

The feasible set of the problem (6) is convex, while the cost
function is a convex (affine) function. Thus, the problem can
be readily obtained by semidefinite programming (SDP).

Solving the problem (6) gives us the generated beampattern
R which has zero interference to the users. Now, the aim
is to find wk, the communication beamforming vector. In
[1], for given r, it is suggested to render wk such that the
radar beampattern of wk tends to be the same as the radar
beampattern of r. On the other hand, a minimum SINR
constraint can be employed to guarantee a minimum data rate
of the users.

For given R, the optimization problem for wk can be
formulated by letting Wk = wkw

H
k as

min
σ,Wi

∣∣∣∣∣

∣∣∣∣∣diag(A
H
2

K∑
i=1

WiA2 − σAH
1 RA1)

∣∣∣∣∣

∣∣∣∣∣
2

(11a)

s.t. βi ≥ Γi, ∀i, (11b)
P1 ≤ Pc, (11c)
σ ≥ 0, (11d)

Wi � 0,Wi = WH
i , (11e)

where {θ1, . . . , θM} are the set of M discrete angle
points, A1 = [a1(θ1), ...,a1(θM )] ∈ CNR×M , A2 =
[a2(θ1), ...,a2(θM )] ∈ CNC×M , and Γi is the SINR threshold
of i-th user. The communication transmit power, P1, can be
expressed as

P1 =

K∑
k=1

||wk||2 =

K∑
k=1

tr(Wk). (12)

The received SINR, βi, can be expressed as

βi =

∣∣gT
i wi

∣∣2
∑K

k=1,k �=i

∣∣gT
i wk

∣∣2 + fTi Rf∗i +N0

(13a)

=
tr(g∗

i g
T
i Wi)

tr(g∗
i g

T
i

∑K
k=1,k �=i Wk) + tr(f∗i f

T
i R) +N0

, (13b)

where N0 is a variance of the received noise. The problem
(11a) is composed of a convex cost function and convex
constraints except for (11b). However, using the expression
(13b), the constraint (11b) can be converted into a linear
constraint, which makes the problem solvable using SDP.

IV. CHANNEL MODELS

In [1], the channel vectors gi and fi are assumed to
be independent and identically distributed complex Gaussian
without any careful consideration of scenario and channel
model. In addition, no directional geometry is considered for
the communication users. This assumption cannot be feasible.
In fact, though in the NLOS communications environment,
gi and fi should be carefully generated by considering angle
of departures of rays. Accurate ray-based channel model can
be obtained for gi and fi based on [4]–[6]. More detailed
discussion on the channel model can be found from [7].

V. SIMULATION RESULTS

A. Γi Design

For simulations, we choose a homogeneous minimum SINR
threshold, i.e., Γi = Γ, ∀i. The goal of the simulation is to
investigate the data rate and peak-to-sidelobe-ratio (PSLR).
That is, we investigate the trade-off between Γ and PSLR.
If Γ is set too high for given channel conditions so that the
problem (11a) has no feasible solution, then we propose to
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Fig. 2. Beampattern where Γi = 5, K = 2, NR = 10, NC = 8, P0 =
P1 = 1, N0 = 0.1, LOS range is [−π/6, π/6].
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Fig. 3. Beampattern where Γi = 80, K = 2, NR = 10, NC = 8, P0 =
P1 = 1, N0 = 0.1, LOS range is [−π/6, π/6].

obtain Wi from the maximization problem of the minimum
SINR as follows:

max
Wi

min{β1, . . . , βK} (14)

s.t. P1 ≤ Pc, (15)

Wi � 0,Wi = WH
i . (16)

B. Performance Evaluation

In Figures 2 and 3 show the beampattern vs. angle for Γ =
5 and Γ = 40, respectively, where the other parameters are
assumed to be as follows: NR = 10, NC = 8, P0 = Pc = 1,
N0 = 0.1, and, K = 1. The range of LOS, i.e., possible
target presence range, is assumed to be between -π6 and π

6 . The
channel vector is generated based on the ray-based directional
channel model as in [4]–[6]. In the directional channel model,
the beampattern due to R, the solution of (6), should have
nulls in the angles where the users are located as shown in
Fig. 2. However, as Γ becomes high, the beampattern due to
Wi, becomes significantly different from the desired pattern.

Fig. 4 shows the beampattern vs. angle when the channels
are merely assumed to be complex Gaussian as in [1]. The
parameters are all the same as in Fig. 2. As seen from
the figures, if the channel is assumed to be directional, the
PSLR can be much higher than with the assumption of non-
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Fig. 4. Beampattern with complex random channels [1] where Γi = 5, K = 2,
NR = 10, NC = 8, P0 = P1 = 1, N0 = 0.1, LOS range is [−π/6, π/6].
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Fig. 5. Beampattern where Γi = 5, K = 4, NR = 10, NC = 8, P0 =
P1 = 1, N0 = 0.1, LOS range is [−π/6, π/6].

directional random channel case.
Fig. 5 shows the beampattern vs. angle where the number

of users, K, is 4. The rest of the parameters are the same as
in Fig. 2. As K increases, the sum data rate increases, and
thus the PSLR becomes smaller.
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VI. CONCLUSION

We have reevaluated the performance of beamsynthesis
for communications and radar combined systems under the
feasible scenario considering the directional location of the
users, where separate antennas are used for the transmission
of communication and radar signals. It turend out that the

i-th user and it follows the complex Gaussian distribution,
CN(0, N0).

The array steering vectors from the NR radar arrays and
from the NC communications arrays to the target located at
the angle θ are expressed as

a1(θ) = [1, ej2π∆sin(θ), ..., ej2π(NR−1)∆ sin(θ)]T ∈ CNR×1,
(2)

a2(θ) = [1, ej2π∆sin(θ), ..., ej2π(NC−1)∆ sin(θ)]T ∈ CNC×1.
(3)

III. BEAM SYNTHESIS

For the separated antennas utilization, a beam synthesis
algorithm with zero communication interference from the
radar arrays, originally proposed in [1], is reviewed for self-
completeness. For the signals transmitted from the radar arrays
not to interfere the communication signals at the users, the
radar transmit signal vector r should satisfy the following
constraint:

E{
∣∣∣∣fTi r

∣∣∣∣} = fi
TE{rrH}f∗i = tr(f∗i f

T
i R) = 0, ∀i. (4)

For generating beampattern, we need the covariance matrix of
the transmit signal vector of the radar antennas, R = E{rrH}.

min
α,R

M∑
m=1

∣∣αPd(θm)− a1(θm)HRa1(θm)
∣∣2 (5a)

s.t. diag(R) =
P01

NR
, (5b)

R � 0,R = RH , α ≥ 0, (5c)

tr(f∗i f
T
i R) = 0, ∀i. (5d)

For ease of the implementation, the problem (5a) can be
equivalently written as

min
α,R

t (6)

s.t.
M∑

m=1

∣∣αPd(θm)− a1(θm)HRa1(θm)
∣∣2 ≤ t, (7)

diag(R) =
P01

NR
, (8)

R � 0,R = RH , α ≥ 0, (9)

tr(f∗i f
T
i R) = 0, ∀i. (10)

The feasible set of the problem (6) is convex, while the cost
function is a convex (affine) function. Thus, the problem can
be readily obtained by semidefinite programming (SDP).

Solving the problem (6) gives us the generated beampattern
R which has zero interference to the users. Now, the aim
is to find wk, the communication beamforming vector. In
[1], for given r, it is suggested to render wk such that the
radar beampattern of wk tends to be the same as the radar
beampattern of r. On the other hand, a minimum SINR
constraint can be employed to guarantee a minimum data rate
of the users.

For given R, the optimization problem for wk can be
formulated by letting Wk = wkw

H
k as

min
σ,Wi

∣∣∣∣∣

∣∣∣∣∣diag(A
H
2

K∑
i=1

WiA2 − σAH
1 RA1)

∣∣∣∣∣

∣∣∣∣∣
2

(11a)

s.t. βi ≥ Γi, ∀i, (11b)
P1 ≤ Pc, (11c)
σ ≥ 0, (11d)

Wi � 0,Wi = WH
i , (11e)

where {θ1, . . . , θM} are the set of M discrete angle
points, A1 = [a1(θ1), ...,a1(θM )] ∈ CNR×M , A2 =
[a2(θ1), ...,a2(θM )] ∈ CNC×M , and Γi is the SINR threshold
of i-th user. The communication transmit power, P1, can be
expressed as

P1 =

K∑
k=1

||wk||2 =

K∑
k=1

tr(Wk). (12)

The received SINR, βi, can be expressed as

βi =

∣∣gT
i wi

∣∣2
∑K

k=1,k �=i

∣∣gT
i wk

∣∣2 + fTi Rf∗i +N0

(13a)

=
tr(g∗

i g
T
i Wi)

tr(g∗
i g

T
i

∑K
k=1,k �=i Wk) + tr(f∗i f

T
i R) +N0

, (13b)

where N0 is a variance of the received noise. The problem
(11a) is composed of a convex cost function and convex
constraints except for (11b). However, using the expression
(13b), the constraint (11b) can be converted into a linear
constraint, which makes the problem solvable using SDP.

IV. CHANNEL MODELS

In [1], the channel vectors gi and fi are assumed to
be independent and identically distributed complex Gaussian
without any careful consideration of scenario and channel
model. In addition, no directional geometry is considered for
the communication users. This assumption cannot be feasible.
In fact, though in the NLOS communications environment,
gi and fi should be carefully generated by considering angle
of departures of rays. Accurate ray-based channel model can
be obtained for gi and fi based on [4]–[6]. More detailed
discussion on the channel model can be found from [7].

V. SIMULATION RESULTS

A. Γi Design

For simulations, we choose a homogeneous minimum SINR
threshold, i.e., Γi = Γ, ∀i. The goal of the simulation is to
investigate the data rate and peak-to-sidelobe-ratio (PSLR).
That is, we investigate the trade-off between Γ and PSLR.
If Γ is set too high for given channel conditions so that the
problem (11a) has no feasible solution, then we propose to
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beam synthesis performance is lower than expected in the
previous studies. In our future work, we will redesign the
beam synthesis algorithm to take into account the impact of
the directional location of the users.
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