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Abstract—This paper proposes a superposition transmission
scheme for the future Radio Frequency (RF) convergence appli-
cations. The scheme is discussed under the assumption of a mono-
static broadcasting channel topology. Under communications
quality-of-service (QoS) constraints, the joint performance region
of communications sum rate and radar estimation error variance
is studied. Two radar signal waveforms, namely linear FM and
parabolic FM, are used to investigate how signal shapes may
influence the estimation accuracy. Both waveforms are generated
with rectangular envelope. In the end, a numerical analysis is
applied, which concludes that a moderate communications QoS
promises a good communications fairness while with the limited
radar performance degradation.

Index Terms—joint radar and communications, superposition
transmission, power domain, RF convergence, co-design

I. INTRODUCTION

The booming wireless communication applications bring the
need for more radio emitters and more spectrum resources,
meanwhile causing a spectral congestion problem with legacy
radar systems. At the same time, emerging applications, such
as connected autonomous vehicles (CAV) and autonomous
drones and robots, urge that the radio sensing and commu-
nications functions taking place in the common spectrum
simultaneously. The above reasons drive the research on the
convergence of two radio frequency (RF) systems when sens-
ing and communication tasks will co-exist and be tackled in a
joint manner. According to Bliss et al. in [?] and [?], the RF
convergence can be categorised into three integration levels:
coexistence, cooperation and co-design. In the coexistence
level, radar and communication signal sources do not share any
a priori information and consider the signal from the counter
party as interference. In the cooperation level, a certain level
of knowledge is shared between the radar and communications
systems for a more effective interference cancellation. In the
co-design level, the radar and the communication systems
are designed from sketch for mutual/common benefits and by
maximizing the use of spectral, time, and spatial resources.

In order to develop a highly integrated RF convergence
system, the current research works often target to coordinate
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the signals in frequency, time, or spatial dimensions. The co-
design in time domain can be traced back to 1960s, when
pulse interval modulation (PIM) was proposed for embedded
information on the radar pulses [?]. In the frequency do-
main, the orthogonal frequency-division multiplexing (OFDM)
waveform is often used for the dual-function design. In [?],
authors demonstrated a vehicle detection function, which was
implemented based on the OFDM communications signal.
The recent research work in [?] embraces the full-duplex
circuit, which reduces the direct signal leakage and enables
the detection of reflected Long-Term Evolution (LTE) and 5G
New Radio (NR) OFDM signals from the drones and vehi-
cles. In the spatial domain, multiple-input and multiple-output
(MIMO), generalized to both phase coherent and spatial inde-
pendent antenna arrays, is the main instrument to achieve the
RF convergence. MIMO provides a high degrees-of-freedom
(FoD) to differentiate and reduce the mutual interference
between communications user and radar target by applying
transmitting/receiving beamforming. MIMO configuration also
achieves a high information rate, by leveraging the waveform
diversity, and a high detection rate and resolution with a large
physical aperture. [?] demonstrates a typical co-design based
MIMO configuration, which leverages the null space of the
communications for radar transmission.

In this paper, we envision a power-domain paradigm (called
superposition transmission), in which the signal is fully super-
posed on frequency, spatial, and time domains for radar and
communications co-design. To initiate the discussion, a mono-
static broadcasting channel (MBC) topology [?], which can be
referred to downlink broadcasting communications channel,
is used in this paper, as shown in Fig. 1. This scenario is
a typical downlink case according to 3GPP standards (3GPP
TR36.859 [?]). However, our case is different from the pure
communications scenario in [?]. The communications users
1 and 2 are also treated as radar targets (reflecting the radio
signal) when receiving downlink data from the access node,
and the transmitting power is split for achieving both commu-
nications and targets detection. This paper brings the following
contributions to radar and communications co-design:

• A superposition waveform transmission method is tested
for the first time, to the best of the Authors’ knowledge,
for radar and communications co-design. It releases the co-
design from the constraint of the spectrum, space, and time
orthogonality.



• Our work studies the impact of the quality of service (QoS)
from communications’ point of view on the performance of
joint system.

• The proposed concept is verified in an MBC topology,
which contains downlink communication channels, mono-
static radar configuration, and entities (nodes) with mixed
radar target and communications terminal, as shown in
Fig. 1. The topology fits future RF convergence applications,
for example in the CAV and autonomous-drones scenarios.
The rest of the paper is organised as the follows Section II

introduces the innovative setup of the superposition transmis-
sion of joint radar and communications system; Section III
formulates the performance evaluation problem of the pro-
posed dual-function system; Analytical analysis and Monte
Carlo simulation are conducted and compared in Section IV;
and the conclusions of the current work as well as a discussion
about future works are given Section V.

II. SYSTEM MODEL

Our purpose in this paper is to test a novel superposition-
transmission-based RF convergence. Thus, we preclude spatial
and spectral complexities by setting up an MBC topology
scenario as shown in Fig. 1, where all nodes are configured
as the single carrier (SC) single-input single-output (SISO).
In this MBC setup, there is one dual-function station (DFS)
transmitting dual-function waveform (DFW) to user 1 and user
2 simultaneously, in the fully overlapped spectrum. We assume
that both users are the communications nodes, meanwhile
well-separated (not colinear with DFS and fall in different
range bins) radar targets. The DFW is the superposing of
downlink communications signals s1, s2 (for user 1 and 2
respectively) and radar signal x (for both users), E(|s1|2) =
E(|s2|2) = E(|x|2) = 1. The channel gains for user 1 and user
2 are h1 and h2 1. We use η1 and η2, for user 1 and user 2, to
mimic the impacts of the radar cross-section (RCS) of users on
the reflection signal strength. To be able to detect the reflected
waveform from both users, the self-interference cancellation
is conceived on the DFS. The recent experimental result in
[?] have proved that jointly applying of analog and digital
cancellations can successfully weep of the self-interference
and detect targets. In this paper, the residual self-interference
is treated as attenuated instant transmitting signals by giving a
coefficient ξ. The radar signal is a composition of repetition.
We assume that the radar signal is known at all users and can
be decoded then subtracted from the received superposition
signal. In addition to above assumptions, we further attach
two loose conditions: i). the CSI is known at DFS and user
terminal and ii). the system works in a fast fading channel.
These two conditions are not essential in this work; however,
will facilitate the discussion.

Inspired by the Multi-user Superposition Transmission
(MUST) [?], at the same time-and-frequency resource block,

1The block fading assumption is made in this paper, which means the fading
process is approximately constant for a certain observation times, usually
number of symbol intervals

Fig. 1: The considered MBC topology and the illustration of
resource block in our consideration.

we propose a power-domain division scheme for joint radar
and communications system as illustrated in Fig. 1.

The total transmitted signals S(t) are modeled by,

S(t) = α1s1(t) + α2s2(t) + αrx(t) (1)

the power allocation coefficients for signals s1, s2, x are
α2
1, α

2
2, α

2
r respectively, and α1, α2, αr ∈ [0, 1), without fur-

ther specifications, we assume α2
1, α

2
2, α

2
r 6= 0 and α2

1 + α2
2 +

α2
r ≤ 1 for all the following analysis.

A. Communications

In the downlink, the received communications signals of
user 1 y1(t) and user 2 y2(t) are respectively given by,

y1(t) = |h1|S(t) + n1(t) (2a)
y2(t) = |h2|S(t) + n2(t) (2b)

where n1(t) ∼ N (0, σ2
1), n2(t) ∼ N (0, σ2

2) are additive white
Gaussian noise (AWGN) at communications receivers of user
1 and user 2 respectively.

Since the superposition coding signals are transmitted, we
follow the suggestion in [?] that user 1 and 2 have disparate
channels. If we assume |h1|2 > |h2|2, equivalently user 1 is
the stronger user and user 2 is the weaker user, in received
signal y1 user 1 could first use SIC to detect signal s2, then
reconstruct signal by subtracting s2. In y2, under α2

2 > α2
1 the

signal s2 can be decoded while s1 is treated as interference.
The Signal-to-Interference-plus-Noise-Ratio (SINR) for

user 1 and 2, γ1 and γ2 are respectively expressed as,

γ1 =
α2
1 |h1|

2

σ2
1

(3a)

γ2 =
α2
2 |h2|

2

|h2|2 α2
1 + σ2

2

(3b)

B. Sensing

At the DFS, the echoes z of the kth target (user) are modeled
as,

zk(t) = ηk |hk|2 S(t− τk) + ξSint + nr(t) (4)

where τk is the round-trip delay from the kth target, nr(t) ∼
N (0, σ2

r) is AWGN. ξSint is the self-interference residue and



E(|Sint|2) = 1. According the recent works of the in-band
self-cancellation [?] [?], 105 ∼ 110 dB is an achievable self-
interference suppression level which indicates that in-band
residue is very close to the receiver sensitivity (noise floor) if 0
dBm power emission is set on the transmitting path. Thus, the
residue term ξSint is ignored in the following derivation. In the
radar signal model, the backscatters from the clutters is another
nagative impact fact which is assumed to be neutralized by the
whitening filter before radar processing.

If the given radar task it to estimate the distance of the target
(i.e., equivalently the time delay), an unbiased estimator has
the minimum, which can be given by the Cramér-Rao lower
bound (CRLB). In mathematical form we have,

E
[
(τ̂k − τk)2

]
≥ 1

E
{[

∂
∂τk

logL
(
z(t); τk

)]2} (5)

where L
(
z(t); τk

)
is the likelihood function of τk.

By considering the reflected communications components
as the interference, we obtain the logarithm of likelihood
function,

logL
(
z(t); τk

)
(6)

= C − 1

2σ2
r

(
z(t)− ηkh2kαksk − ηkh2kαrx(t− τk)

)2
where C is a constant without involving τk, hence the exact
expression of C is not provided here. The partial derivative
yields to,

∂

∂τk
logL

(
z(t); τk

)
= −ηkh

2
kαr
σ2
r

· nr(t) · x′(t− τk) (7)

straightforwardly,

E
{[ ∂

∂τk
logL

(
z(t); τk

)]2}
=
η2kh

4
kα

2
r

σ2
r

E
{[
x′(t− τk)

]2}
(8)

Before further discussions, it is worth to mention the issue
of handling the communications component in radar task.
Communication components in the superposed waveform will
also be reflected by the users and received by DFS. The
reflected communications components can be used for en-
hancing the radar detection performance when it is ade-
quately separated from the superposed waveform. Otherwise,
the communications component will undermine the overall
radar component (waveform) properties as the communica-
tions component is not well designed for detection purpose. To
discuss the communication component for extra radar benefits
will complicate our study as the benchmark of superposed
waveform radar and communications co-design. Thus, in this
work, the communication component is treated as interference
for the detection task, the detection (radar) performance in this
paper is a conservative estimation.

III. PROBLEM FORMULATION

The joint performance analysis is crucial in the evaluation
of radar and communications co-design. In a communications
system, we always put efforts to achieve maximum capacity

(or sum-rate in multi-user scenario). In contrast, in radar
systems, due to many shades of radar performance metrics,
it is hard to determine the ultimate metric to evaluate radar
systems comprehensively. In this section, we will discuss the
formation of joint performance metrics hence the correspond-
ing optimization problem.

A. Universalizing the evaluation metric

The communications rate of users 1 and 2 are denoted as
R1 and R2, respectively, and they are upper bounded by,

R1 ≤ log2(1 + γ1) (9a)

R2 ≤ min
{
log2(1 + γ2), log2(1 + γ2)

}
(9b)

where log2(1 + γ2) is the upper-bound communication rate
for SIC on user 1 to successfully decode s2, γ2 is given by,

γ2 =
α2
2 |h1|

2

|h1|2 α2
1 + σ2

c

(10)

Provided the channel gains assumption, the communication
sum rate Rsum of users 1 and 2 is upper bounded by,

Rsum ≤
2∑
k=1

log2(1 + γk) (11)

In the radar system, as we mentioned in Section II-B, the
CRLB is a popular metric used to evaluate the parameters
estimation, which implies the performance of system. For time
delay estimation [?], given (5) and (8) we can have,

E
{[
x′(t− τk)

]2}
= 2EWB2

rms (12)

where W is the bandwidth, 2E is the total received signal
energy and Brms is the root-mean-square (rms) bandwidth,
given by,

2E =

T∫
0

|x(t)|2 dt (13a)

B2
rms =

4π2

∞∫
−∞

f2 |X(f)|2 df

∞∫
−∞

|X(f)|2 df

(13b)

where T is the radar receiving duration, X(f) is the spectrum
of signal x(t). Hence,

E
[
(τ̂k − τk)2

]
≥ σ2

r

2η2kh
4
kα

2
rEWB2

rms

(14)

clearly 2EW
σ2
r

is the radar receiving Signal-to-Noise-Ratio
(SNR). Until here, the total estimation error variance σ2

ε can
be derived as,

σ2
ε ≥

2∑
k=1

σ2
r

2η2kh
4
kα

2
rEWB2

rms

(15)



B. Optimization problems

The communications sum rate and the estimation error
variance of radar system do not share the same unit of
measurements. We can only consider the radar and communi-
cations co-design as two sub-problems,

max
α1,α2

Rsum

s.t. α2
1 + α2

2 ≤ 1− α2
r,

R2 ≥ R0,2

(16)

min
α1,α2,αr

σ2
ε

s.t. α2
1 + α2

2 ≤ 1− α2
r,

R2 ≥ R0,2, R1 ≥ R0,1

(17)

where R0,2, R0,1 are the minimum rate to guarantee the QoS
for user 2 and user 1 respectively. α2

r is treated as a parameter
in (16), given a certain tolerance of radar estimation error, we
would like to achieve the sum rate maximum.

IV. PERFORMANCE ANALYSIS

We derive the joint performance boundaries and the cor-
responding power allocations for communications users and
radar function.

A. Optimal solutions

We first determine the feasible region for α2
1, α

2
2, α

2
r from

problem (16), then find some feasible points in problem (17).
1) Communications rate: in problem (16), Rsum is a binary

logarithm function of the product between 1+ γ1 and 1+ γ2,
and it will monotonically increase with this product. To find
the optimum in (16), provided the constraint R2 ≥ R0,2, it is
of interest to investigate the monotonicity of the above product
as a function f1,

f1 = (1 + γ1)(1 + γ2) (18)

If we consider f1 as the function of α2
2, the following form is

obtained,

f1(α
2
2) = 1+

α4
1|h1|

2|h2|2+α2
1|h1|

2
σ2
2+α

2
2|h2|

2
σ2
1+α

2
1α

2
2|h1|

2|h2|2

α2
1|h2|

2
σ2
1+σ

2
1σ

2
2

(19)
and the first order partial derivative of (19) is,

∂f1
∂α2

2

= − (|h1|2 σ2
2 − |h2|

2
σ2
1)(|h2|

2
κ+ σ2

2)[
|h2|2 (κ− α2

2) + σ2
2

]2
σ2
1

(20)

where κ = 1 − α2
r and α2

1 + α2
2 = κ. Since our assumption

is |h1|2 > |h2|2, under σ2
1 ≤ σ2

2
(2) the ∂f1

∂α2
2

will always be
negative for all the feasible values of α2

2. Consequently Rsum
in (16) will monotonically decrease with α2

2 increasing, and
reaches its maximum when R2 = R0,2 holds. Now we have,

log2(1 +
α2
2 |h2|

2

|h2|2 (κ− α2
2) + σ2

2

) = R0,2 (21)

the solutions of (21) are,

2in this paper, we will not provide discussions for the situation where σ2
1

is much greater than σ2
2 .

α2
1 =

κ |h2|2 − σ2
2(2

R0,2 − 1)

|h2|2 2R0,2

(22a)

α2
2 =

(2R0,2 − 1)(κ |h2|2 + σ2
2)

|h2|2 2R0,2

(22b)

under the solution (22), Rsum achieves its optimum. The results
in (22) are also consistent with [?].

2) Radar estimation error: in problem (17), the minimum
of σ2

ε monotonically decreases with αr, the larger value of α2
r

we give the smaller σ2
ε we have.

Under constraint R2 ≥ R0,2, R1 ≥ R0,1, we could have,
α2
1 ≥

(2R0,1 − 1)σ2
1

|h1|2

α2
2 ≥ (2R0,2 − 1)

[ (2R0,1 − 1)σ2
1

|h1|2
+

σ2
2

|h2|2
] (23)

the maximum of α2
r is achieved when α2

1, α
2
2 in (23) are at

minimum values. Based on [?], we present the energy E
and rms bandwidth Brms under two modulations of radar
waveform: linear FM with rectangular envelope and parabolic
FM with rectangular envelope.

3) Linear FM with rectangular envelope: for a linear
frequency modulation (FM) signal with rect(t/T ) envelope,
energy Elinear and rms bandwidth Blinear

rms yield to,

Elinear =
T

2
(24a)

Blinear
rms =

π2W 2

3
(24b)

hence (15) alters to,

σ2
ε,linear ≥

2∑
k=1

3σ2
r

π2η2kh
4
kα

2
rTW

3
(25)

4) Parabolic FM with rectangular envelope: for a parabolic
FM signal with rectangular envelope, energy Eparabolic and rms
bandwidth Bparabolic

rms yield to,

Eparabolic =
T

2
(26a)

Bparabolic
rms =

16π2W 2

45
(26b)

hence (15) alters to,

σ2
ε,parabolic ≥

2∑
k=1

45σ2
r

16π2η2kh
4
kα

2
rTW

3
(27)

B. Numerical results

We implement a series of simulations to validate our
theoretical analysis and to present joint performance in the
radar and communications co-design explicitly. Table I lists
the parameters in the simulations.

In the optimization problem (16) and (17), we expect to
observe two behaviours of co-design system,
• Given the weak user QoS R0,2 in (16), the trend of Rsum

with σ2
ε ;



TABLE I: Parameters in simulations

Parameters Value Parameters Value

channel gain 3|h1|2 −90 dB channel gain |h2|2 −100 dB

noise in user 1 σ2
1 −105 dBm noise in user 2 σ2

2 −105 dBm

noise in radar σ2
r −110 dBm self-interference can-

cellation
110 dB

user 1 RCS η1 0.1 m2 user 2 RCS η2 0.5 m2

bandwidth W 20 MHz Time-bandwidth
product TW

1000

• Given respectively the weak and strong user QoS
R0,2, R0,1 in (17), the minimum of σ2

ε .
Fig. 2 presents the numerical results of optimization

problems (16) and (17). Six cases are discussed in
the figure, Rsum versus σ2

ε under R0,2 = 0.7, 1, 1.5
(unit:bits/s/Hz); minimum σ2

ε under {R0,2 = 0.7, R0,1 = 1.5},
{R0,2 = 0.7, R0,1 = 0.7}, {R0,2 = 1.5, R0,1 = 1.5}. The
solid lines indicate the relationship between Rsum and σ2

ε

under constraint R2 ≥ R0,2. All star (i.e., *) markers show
the minimum σ2

ε under constraints R2 ≥ R0,2, R1 ≥ R0,1.
The grey dots background gives the feasible region of the
relationship between Rsum and σ2

ε . σ2
ε is normalized by the

minimum of σ2
ε in the figures,

min(σ2
ε ) = σ2

ε |α2
r=1 (28)

With the increase of QoS requirement in user 2 (the weak
user), the radar performance drops rapidly. Comparing with
user 2, the QoS requirement of user 1 (the strong user) has
less influence in the degrades of radar estimation accuracy.
As we can see from Fig. 2, horizontally the distance between
purple star marker (i.e., R0,2 = 0.7, R0,1 = 1.5) and blue star
marker (i.e., R0,2 = 1.5, R0,1 = 1.5) is much larger than that
between purple star marker (i.e., R0,2 = 0.7, R0,1 = 1.5) and
green star marker (i.e., R0,2 = 0.7, R0,1 = 0.7). Observing the
solid lines in the figure, up to a point Rsum tends to converge
no matter how much power we allocate to communications
signals. This phenomenon also implies that the unreasonable
large QoS requirement in the weak user could jeopardize the
whole co-design system. By comparing Fig. 2a with Fig. 2b,
we may conclude that under rectangular envelope linear FM
and parabolic FM barely show difference on the performance
of co-design system.

In the superposition transmission scheme, a moderate QoS
requirement for the weak user (e.g., the user with lower
channel gain) could benefit both communications and sensing.
However, the performance of radar system abruptly drops
when the QoS requirements of weak users increase over a
certain threshold; in other words, from Fig. 2 the horizontal
distance between the solid purple line (i.e., R0,2 = 1.5) and
the solid orange line (i.e., R0,2 = 1) is much larger than
the horizontal distance between the solid orange line (i.e.,
R0,2 = 1) and the solid red line the solid orange line (i.e.,
R0,2 = 0.7).

3the path loss is incorporated into the channel gain.

(a) Linear FM with rectangular envelope

(b) Parabolic FM with rectangular envelope

Fig. 2: Rsum Versus normalized σ2
ε under linear FM and

parabolic FM. Normalized σ2
ε is given by the power of 10

to better scale up.

For a communications-priority system, in both Fig. 2a and
Fig. 2b the upper-left corner of solid lines would be the optimal
operation point, due to the convergence of sum rate for com-
munications. At these points, the minimum radar estimation
error variance also reaches after maximum achievable sum rate
has been met.

To further reveal the communications system performance
in the co-design system, we adopt Jain’s fairness,

J (x1, x2, . . . , xn) = (

n∑
i=1

xi)
2/

n∑
i=1

x2i (29)

Fig. 3 illustrates the fairness versus Rsum under different
QoS requirement in weak user. Clearly, low QoS requirement
leads to low fairness during most of Rsum values; high QoS
case behaves even worse than low QoS case in the fairness,
the highest reachable Rsum values is relatively far from the
maximum. A moderate QoS requirement guarantees both high
fairness and high Rsum value.



Fig. 3: The Jain’s fairness between two users in communica-
tions, under various minimum QoS requirements of user 2.

As a result, a moderate QoS requirement for the weak
user promises the good fairness of communications and low
estimation errors of sensing.

Fig. 4: Rsum Versus normalized σ2
ε under different level of

asymmetry between two users’ channel.

Fig. 4 demonstrates how the asymmetry of users’ channel
could affect the system performance. This numerical analysis
shows that the asymmetry between two users’ channel has
impact on the system performance, the greater the level of
asymmetry is, the larger degradation of the system is. The
above result implies the impact of user grouping strategies on
the overall system performance, which is that low level of
asymmetry between users’ channel compromises less on radar
performance.

V. CONCLUSION

In this paper, the superposition transmission is proposed
for radar and communication co-design in contrast with the
conventional frequency, time, and spatial domain operations.
The joint radar-and-communications performance is analysed
in the mono-static broadcasting topology. A generic commu-
nications signal is utilized together with two specific radar

signals, namely a linear FM and a parabolic FM radar signal.
A moderate QoS requirement for a weak user balances both
communications fairness and the overall system performance.
Low level of asymmetry between users’ channel implies
better co-design system performance. Conservatively speaking,
in the joint radar-and-communication system, the radar side
has large demands on the power allocation, which leads to
the low-to-moderate communications rates. This superposition
transmission scheme, under current study, is not suitable for
high data rate applications; whereas it is a good scheme for
drones control and command signals, together with sensing
functionality.

The current findings in this work can be seen as a bedrock
for future extensions on i) computational complexity of the
proposed superposition transmission joint system; ii) compar-
isons with prior works, for example, the joint system based
on OFDM and MIMO; iii) unifying the performance metric of
sensing and communications functions, for example, using the
I-MMSE [?] as a bridge; iv) scalability to the multiple user
(more than two) scenarios; v) application of SIC to remove
communications signal components at the radar receiving.


