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Abstract—Frequency-hopping (FH) MIMO radar is recently
introduced as an underlying system for realizing dual-function
radar-communication (DFRC), increasing communication sym-
bol rates to multiples of the radar pulse repetition frequency. As
a newly conceived DFRC system, many realistic issues, such as
channel estimation and synchronization, are not effectively solved
yet. In this paper, we develop a multi-antenna receiver-based
downlink communication scheme for the FH-MIMO DFRC,
addressing the above issues in multi-path channels. By explor-
ing the unique FH-MIMO radar waveform, we suppress both
inter-antenna and inter-hop interference, and introduce minimal
constraints on the radar waveform to facilitate DFRC. We then
develop accurate estimation methods for timing offset and chan-
nel parameters. These methods are further employed to design
reliable demodulation methods. We also derive performance
bounds for the proposed estimation methods and embedded
communications. Simulation results validate the efficacy of our
receiving scheme, showing that the performance of estimators
and data communications approaches analytical bounds.

Index Terms—Joint communication and radar/radio sensing
(JCAS), dual-function radar-communication (DFRC), frequency
hopping (FH), MIMO, timing offset, channel estimation, maxi-
mum ratio combining (MRC) and antenna diversity.

I. INTRODUCTION

The convergence of wireless communications and radar
sensing becomes increasingly promising and has been envi-
sioned as a key feature of future 6G networks [1]. Integrating
the two functions into one by sharing hardware and signal pro-
cessing modules achieves immediate benefits of reduced cost,
size, weight, and better spectrum efficiency [2]. It can further
help each other to improve the performance and capability
of the communication and sensing. The design of joint radar
and communication systems can be communication-centric
and radar-centric [3]. The former performs radar sensing using
ubiquitous communication signals, e.g., IEEE 802.11p [4] and
IEEE 802.11ad [5]–[7], whereas the later embeds information
bits into existing radar waveform, e.g., frequency modulated
continuous wave [8] and linear frequency modulation wave
[9], or jointly optimized waveform, particularly in MIMO
radars [10], [11].
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As a complement to the communication-centric counterpart,
radar-centric designs, also referred to as dual-function radar-
communication (DFRC), can be more competent in achieving
long-distance (tens to hundreds of kilometers) data commu-
nication between a radar and an aircraft [12]. Many existing
DFRC designs embed information symbol on a basis of one or
multiple radar pulses, and hence their communication symbol
rate is limited to radar pulse repetition frequency (PRF) [13].
In some recent works [14]–[22], frequency-hopping MIMO
(FH-MIMO) radars are introduced to DFRC, which substan-
tially increases the symbol rate to multiples of (e.g., 15 times)
PRF. The benefit is obtained from the unique FH-MIMO
waveform dividing each radar pulse into multiple sub-pulses
(also referred to as hops) [23].

There are two types of information modulation in FH-
MIMO radar-based DFRC (FH-MIMO DFRC), one based on
conventional phase modulation [14]–[16] and the other ex-
ploiting the diversity of hopping frequencies [18], [21]. In [14],
[15], phase shift keying (PSK) modulations are introduced to
FH-MIMO DFRC by embedding PSK phases to radar signals.
To reduce out-of-band transmissions and range sidelobe levels
of radar, differential PSK (DPSK) [16] and continuous phase
modulation (CPM) [17] are exploited in FH-MIMO DFRC.
In [18], combinations of hopping frequencies are used to
convey information bits, referred to as frequency hopping code
selection (FHCS). To improve data rate, PSK and FHCS are
jointly used in [19], [20]. In [21], permutations of hopping
frequencies are further exploited for achieving secure FH-
MIMO DFRC. In [22], the above schemes [14]–[18] are also
compared with respect to (w.r.t.) their impact on radar ranging.
In [12], comprehensive comparisons among the above schemes
are provided w.r.t. both radar and communication performance.

To detect the transmitted information at the user end (UE),
the channel information is required for most phase modulation
schemes [14], [15], [17], [19], [20], and accurate timing
is essential to all the above-mentioned designs [14]–[22]
to avoid inter-antenna and inter-hop interference. In most
previous works, perfect channel information and timing are
assumed. However, their estimations are challenging in FH-
MIMO DFRC for the following main reasons. First, unlike
in conventional communication systems, there is a lack of
specific signaling for synchronization or channel estimation
here. Second, due to the lack of a specific synchronization
link, there can be a non-negligible timing offset, which leads
to inter-hop and inter-antenna interference [20], as will be
detailed in Section II-B. Third, the phase disturbances caused
by a non-negligible timing offset and channel responses are
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coupled in a point-wise multiplicative manner, making the
overall channel change rapidly over hops (time). This will be
illustrated in Section III. Another presumption in most DFRC
designs [14]–[18] is that the UE knows the hopping frequency
used by each transmitter antenna of the FH-MIMO radar at
any hop. This can be non-trivial to realize, considering that the
radar can change hopping frequencies frequently, e.g., on the
basis of radar pulse, for the reasons like avoiding co-channel
interference/jamming.

Thus far, only a few works [19], [20], [24], [25] have
developed channel estimation methods for radar-based DFRC
systems. In [24], [25], sparse recovery-based channel esti-
mation methods are developed, which coordinate radar and
communication receiver using probing beams. In [19], a novel
FH-MIMO radar waveform is designed, enabling a UE to
estimate the hopping frequencies used by the radar at any
hop; accordingly, an accurate channel estimation method is
designed for line-of-sight (LoS) scenarios. However, the work
in [19] is based on perfect timing. In [20], the timing offset
estimation is investigated for FH-MIMO DFRC systems with
two high-accuracy estimators developed for hopping frequency
sequences with different features. The work, however, is
mainly based on an LoS channel and a single-antenna UE
receiver. Although extensions to multi-path and multi-antenna
cases are discussed therein, the benefit of introducing multiple
antennas at a UE, e.g., using antenna diversity to combat
multi-path fading, has not been explored yet. In a different
yet relevant context (spectrum sharing), interference channel
between radar and communication is estimated to achieve co-
existence [26]–[28]. In some recent DFRC works [2], [29],
channel estimation methods are developed for new (future)
DFRC waveforms/platforms. These methods [2], [26]–[29] are
not directly applicable to FH-MIMO DFRC; refer to [20,
Section I-B] for an overview.

To achieve reliable FH-MIMO DFRC, we develop in this
paper a multi-antenna receiving scheme for the challenging
yet practical FH-MIMO DFRC scenarios — the radar per-
forms downlink communication with a UE through multi-
path channels, while randomly changing hopping frequencies
for sensing without alerting the UE. Specifically, we propose
new estimation methods for channel parameters and timing
offset, as well as the multi-antenna information demodulation
approach. The key contributions are summarized as follows.

1) We explore the unique FH-MIMO radar waveform and
devise a special discrete time-frequency transformation,
which leads to a clear signal structure in FH-MIMO
DFRC. We discover that under certain conditions re-
garding the radar parameters, the above transformation
can eliminate the inter-hop and inter-antenna interference,
even in the presence of timing offset;

2) We exploit the degrees of freedom embedded in the radar
waveform and develop accurate estimation methods for
both timing offset and channel responses. In particular,
we propose a way of assigning the zero-th sub-band for
certain antennas and hops, which eliminates the impact
of timing offset on the estimation of channel responses;

3) We also formulate the estimation of timing offset into
the problem of estimating the frequency of a single-tone

signal. A low-complexity and high-accuracy estimator
is provided for estimating the timing offset. Based on
the value of timing offset, there can be an estimation
ambiguity. An effective solution is also developed to
eliminate the ambiguity;

4) We derive the analytical mean squared error (MSE) of the
achieved channel estimation, and the Cramér-Rao lower
bound (CRLB) for the timing offset estimation. We also
analyze the achievable rate and symbol error rate (SER)
of the FH-MIMO DFRC performing the proposed multi-
antenna receiving scheme;

5) Extensive simulations validate the high accuracy of the
proposed estimation methods and the superior commu-
nication reliability achieved by the proposed receiving
scheme. Notably, the SER of FH-MIMO DFRC is im-
proved by orders of magnitude when the number of
antennas at the UE increases from one to two, which
highlights the significance of the proposed multi-antenna
receiving scheme.

With the new designs summarized above, we underline be-
low the main reasons why the proposed scheme can greatly
enhance the reliability of FH-MIMO DFRC. First, a multi-
antenna receiver is equipped at UE, which allows the antenna
diversity to be exploited for both the detection of hopping
frequencies and the demodulation of the PSK symbols. This
will be detailed in Section IV-C. Second, the timing offset
is accurately estimated and compensated, so that the accurate
detection of hopping frequencies can be achieved at the UE.
Third, the channel responses between each pair of transmitter
and receiver antennas are accurately estimated, which enables
us to perform the maximum-likelihood combining (MRC) at
the UE to achieve the maximal improvement on the signal-to-
noise ratio (SNR) when demodulating PSK symbols.

The remainder of the paper is organized as follows. The
signal model of FH-MIMO DFRC is described in Section II.
Then the DFRC signal model is simplified in Section III,
drawing some useful insights. The proposed multi-antenna
receiving scheme is presented in Section IV, where the estima-
tion methods for channel parameters and timing offset, as well
as the information demodulation are developed in sequence.
Performance analysis is provided in Section V, followed by
simulations in Section VI. Section VII concludes the paper
and provides future works.

Notations: Bold upper- and lower-case letters denote matri-
ces and vectors, respectively. I+ denotes the set of positive
integers. | · | can take amplitude, absolute and cardinality,
depending on context. (·)T takes transpose. b·e, b·c and d·e
rounds towards nearest integer, the negative infinity and the
positive infinity, respectively. CKM denotes binomial coeffi-
cient. δ(l) denotes the discrete Dirac delta function. [x]n
takes entry n of a vector x. Variables with subscripts ()h
and ()m indicate their associations with hop h and antenna
m, respectively. In general, x̂ (with a hat accent) denotes an
estimate, and P (with an underline) denotes a lower bound.

II. SIGNAL MODEL

An FH-MIMO DFRC system is illustrated in Fig. 1(a),
where an FH-MIMO radar senses a target while communicat-
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ing with a UE through flat-fading multi-path channels. Both
the radar and UE are equipped with a uniform linear array
whose antenna spacing is half a wavelength. In this section,
we provide the signal models of the radar and DFRC.

A. Signal Model of FH-MIMO Radar

The FH-MIMO radar is based on fast frequency hopping.
Each pulse is divided into H sub-pulses, also referred to as
hops [18]. The centroid frequency of the transmitted signal
changes randomly across hops and antennas, as illustrated
in Fig. 1(b). Denote the radar bandwidth as B. By dividing
the frequency band evenly into K sub-bands, the baseband
frequency of the k-th sub-band is given by fk = kB

K (k =
0, 1, · · · ,K−1). Let M denote the number of antennas in the
radar transmitter array1. We have M < K in FH-MIMO radar.
Out of the K centroid frequencies, M frequencies are selected
to be the hopping frequencies at a hop, one per antenna.
Denote the hopping frequency at hop h and antenna m as
fhm, then

fhm = khmB/K, khm ∈ {0, 1, · · · ,K − 1}. (1)

To ensure the orthogonality between the waveforms from
the different antennas of FH-MIMO radar, the following are
required on radar parameters [23]

khm 6= khm′ (∀m 6= m′, ∀h); ∆ , BT/K ∈ I+, (2)

where T is hop duration, and the shorthand symbol ∆ is
introduced for notational simplicity. At hop h the m-th antenna
of the radar transmitter sends

shm(t) = ej2πfhmtgrect(t− hT ), 0 ≤ t ≤ T. (3)

Here, grect(t) denotes the rectangular function taking unit one
if 0 ≤ t ≤ T and otherwise zero. Refer to [20, Appendix X-A]
for an elaboration on FH-MIMO radar signal processing.

B. DFRC Signal Model

Consider P paths between the radar and UE, each having
the AoD of φp, the AoA of θp and the complex path gain
of βp. Assuming quasi-static channels in a short radar pulse,
it follows that φp, θp and βp are independent of h [31].
The steering vectors of radar and UE arrays are aM (up) and
aN (νp), respectively. They are given by

aM (up) = [1, ejup , · · · , ej(M−1)up ]T, up = π sinφp;

aN (νp) = [1, ejνp , · · · , ej(N−1)νp ]T, νp = π sin θp, (4)

where N is the number of antennas in the UE array. To
perform data communication, a PSK modulation signal2, as
given by

Fhm = ej$hm , $hm ∈ ΩJPSK (JPSK ≥ 1), (5)

1Note that FH-MIMO radar is a type of orthogonal MIMO radar which
generally has multiple antennas for both transmitter and receiver. One of the
benefits of the multi-antenna configuration is to obtain an extended array
aperture and hence a fine spatial resolution [30].

2For ease of exposition, we employ PSK [14] to develop the proposed
receiving scheme, given the much simpler signal models than those of DPSK
[16] and CPM [17]. Note that the proposed methods can be readily applied
to other modulations exploiting the proposed methods, as will be developed
in Section IV.

can be multiplied with shm(t) to embed information bits in
radar signal [14], where ΩJPSK

=
{

0, · · · , 2π(2JPSK−1)

2JPSK

}
is

the JPSK-bit PSK constellation.
To fulfill data communications and reduce overhead, we

consider packet communications and employ the signal frame
structure as shown in Fig. 1(b). In each frame, the first radar
hop is assigned for estimating timing offset and channel; and
the remaining hops are used for data transmission. Unlike may
existing works based on a perfect timing [22], we consider
more practical scenarios that the UE performs a coarse timing
based on the conventional energy-based or auto-correlation-
based packet detection [28], resulting in a timing offset η. In
general, η < T

2 can be ensured [32], which is assumed in the
following. Let fs(≥ 2B) denote the sampling frequency; the
sampling interval is then Ts = 1/fs. The number of samples in
T and η are given by L = b TTs

e and Lη = b ηTs
e, respectively.

Based on (3) and (4), the UE-received baseband signal at
hop h can be given by the following N × 1 vector,

yh(i) =

P−1∑
p=0

(
βp

M−1∑
m=0

s̃hm(i)ejmup

)
aN (θp) + nh(i), (6)

where i is the sample index and nh(i) ∈ CN×1 collects
N independent and identically distributed (IID) AWGNs on
the UE antennas. In (6), s̃hm(i) is the sampled signal of
Fhmshm(t) at hop h. Given η > 0, s̃hm(i) can span over
two actual radar hops, as illustrated in Fig. 1(b). Taking the
sampled hop 1 for an illustration, we see from Fig. 1(b) that
the sampled hop consists of the actual hops 0 and 1. The
interference caused by hop 0 to hop 1 is referred to as the
inter-hop interference. Considering that the starting point of
sampled hop h is earlier than the actual point, s̃hm(i) is given
by

s̃hm(i) =

{
F(h−1)ms(h−1)m(i+ L− Lη) i ∈ I1

Fhmshm(i− Lη) i ∈ I2,

s.t. I1 = {0, 1, · · · , Lη − 1}; I2 = {Lη, · · · , L− 1}. (7)

In (7), shm(i) is the digitized shm(t) given in (3), specifically

shm(i) = ej
2πkhmB

K iTs = ej
2πkhm∆

L i, (8)

where ∆ is defined in (2). Based on (7), we can validate that
the inner product between s̃hm(i) and s̃∗hm′(i) (∀m′ 6= m)

is non-zero, i.e.,
∑L−1
i=0 s̃∗hm(i)s̃hm′(i) 6= 0. To this end, the

signal transmitted by antenna m causes interference to that by
antenna m′, or vice versa. This interference is referred to as the
inter-antenna interference which prevents UE from extracting
the signal component related to a single antenna (which is
achievable without inter-antenna interference). Note that accu-
rate signal extraction is critical to information demodulation,
as will be seen in Section IV-C.

III. INVESTIGATING DFRC SIGNAL MODE

In this section, we first simplify the DFRC signal model to
disclose the hidden feature, and then draw some insights into
the simplified signal model which will be useful in developing
the proposed receiving scheme. From (6), we notice that the
signals transmitted by all the radar transmitter antennas are
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Fig. 1. (a) Illustration on the system diagram of an FH-MIMO DFRC; (b) the signal frame structure devised for the downlink communication, where the
timing offset η is smaller than half the time duration of a hop; (c) illustration of the proposed arrangement of hopping frequencies over antennas and hops.

superimposed at the UE receiver. Provided a perfect timing,
we can employ the waveform orthogonality, as given in (2), to
separate the signals in the frequency domain [19]. However, in
the presence of a non-zero timing offset η, as illustrated in Fig.
1(b), inter-hop interference is introduced and the waveform
orthogonality is lost. We notice that the unique signal structure
of the FH-MIMO radar can be exploited to combat the adverse
consequence of η.

In particular, we propose to take the L-dimensional yet L
2 -

point DFT of yhn(i) (i = L/2, · · · , L − 1) to avoid inter-
hop interference, where yhn(i), ∀i, denotes the n-th entry of
yh(i), ∀i, as given in (6). This leads to

Yhn(l) =
2

L

L−1∑
i=L/2

yhn(i)e−j
2πil
L

=

P−1∑
p=0

βp

M−1∑
m=0

Shm(l)ejmupejnνp + Ξhn(l), (9)

where Ξhn(l) = 2
L

∑L−1
i=L/2[nh(i)]ne

−j 2πilL and [nh(i)]n de-
notes the n-th entry of nh(i) given in (6). In (9), Shm(l) is
the DFT of s̃hm(i), as given by

Shm(l) =
2

L

L−1∑
i=L/2

Fhmshm(i− Lη)e−j
2πil
L

=
Fhm sin π

2 (l − khm∆)
L
2 sin π

L (l − khm∆)
ej
π(3L−2)(khm∆−l)

2L e−j
2πkhm∆Lη

L ,

(10)

where s̃hm(i) is replaced with Fhmshm(i−Lη) based on (7).
Based on the results of the special DFT, we can also extract

the signal transmitted by each antenna without inter-antenna
interference, as developed in the following proposition.

Proposition 1: Provided that the following condition holds,

khm∆/2 ∈ {0, I+}, ∀m (11)

the inter-antenna interference is also suppressed in the inter-
hop interference-free signal obtained in (9). This enables the
extraction of the information-bearing signal that is solely
related to the m-th radar transmitter antenna at any hop h,
given by

Yhn(l∗hm) = ρnmFhme
−j 2πLηl

∗
hm

L + Ξhn(l∗hm),

s.t. ρnm =

P−1∑
p=0

βpe
jmupejnνp ; l∗hm = khm∆ (12)

where ∆ is given in (2), and ρnm depicts the channel coeffi-
cient between the m-th radar transmitter antenna and the n-th
UE receiver antenna.

Proof: Referring to Fig. 1(b), we notice that the second
half of each sampled hop is free of inter-hop interference.
Since the special DFT performed in (9) only relies on the
second half of each sampled hop, Yhn(l) obtained in (9)
and Shm(l) calculated in (10) are also free of inter-hop
interference. To this end, we focus on proving the suppression
of inter-antenna interference in the rest of the proof.

Note that both sine functions in (10) take zero at l = khm∆.
Thus, applying the L’Hospital’s rule, we obtain,

Shm(l∗hm) = Fhme
−j 2πLηl

∗
hm

L , s.t. l∗hm = khm∆, (13)

Also note from (10) that the signal transmitted by antenna m′,
∀m′ 6= m, has the following DFT magnitude at l = l∗hm,

|Shm′(l∗hm)| =
| sin π

2 (l∗hm − khm′∆) |
L
2 | sin

π
L (l∗hm − khm′∆) |

, ∀m′ 6= m. (14)

To avoid inter-antenna interference, we expect the numerator
on the RHS of the equation given above is zero while the
denominator is non-zero. This leads to the condition given in
(11). Applying the condition in (14), we obtain |Shm′(l∗hm)| =
0, since its numerator is zero while the denominator is non-
zero. Thus, under the condition (11), substituting (13) and (14)
into (9) leads to (12). This concludes the proof.

Given khm in (1) and ∆ in (2), we can have the condition
in (11) satisfied by configuring one of the following:

1) Take even-indexed sub-bands as hopping frequencies at
hop h, i.e., khm ∈ {0, 2, 4, · · · };

2) Properly design T and K such that ∆/2 ∈ I+.
The configuration 1) restricts the hopping frequencies available
to use in a certain number of radar hops (which is M in the
methods to be proposed). On the other hand, 2) can increase
the hop duration and consequently reduces the number of
radar hops per pulse. More in-depth analysis of the impact
incurred by (11) on an FH-MIMO radar can be carried out
employing the range ambiguity functions derived in [14], [23].
We proceed with the assumption that (11) is satisfied so as to
focus on developing the multi-antenna receiving scheme for
FH-MIMO DFRC.

Remark 1 (Insights Drawn from Proposition 1): Several
insights can be drawn from Proposition 1. First, inter-hop and
inter-antenna interference can be suppressed at a UE even in
the presence of timing offset, which owes to the special DFT
provided in (10) and the condition on radar waveform imposed
in (11). Second, a clearer signal structure is obtained in (12),
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as compared with (6). Specifically, the channel of FH-MIMO
DFRC is now depicted by ρnme

−j 2πLηl
∗
hm

L , which becomes
an M ×N flat-fading MIMO channel without the exponential
term. Given a non-zero Lη , the channel ρnme−j

2πLηl
∗
hm

L varies
fast over hops and antennas, since l∗hm randomly changes over
h and m. Third, noticing the non-trivial impact of l∗hm on the
time-varying channel, we propose to explore the degrees of
freedom in the FH-MIMO radar waveform for the efficient
estimations of Lη and ρnm. This will be developed next.

IV. PROPOSED METHODS

In light of the insights drawn in Remark 1, we develop a
multi-antenna receiving scheme for FH-MIMO DFRC with the
following tasks performed in sequence: 1) Estimate ρnm; 2)
Estimate Lη; 3) Apply the estimates for information demodu-
lation. The three tasks will be accomplished in Sections IV-A,
IV-B and IV-C, respectively.

A. Estimating ρnm

At this stage, the timing offset still exists. Thus, the signal
derived in (12) is used for estimating ρnm. As seen therein,
Fhme

−j 2πLηl
∗
hm

L is a disturbance term. Nevertheless, we notice
that by taking khm = 0, the exponential term turns into unit,
since l∗hm = khm∆ = 0 according to (12). Accordingly, we
propose the following method for estimating ρnm.

Lemma 1: By designating the zero-th sub-band as hopping
frequency in the following manner

khm = 0, h = m, m = 0, 1, · · · ,M − 1, (15)

and correspondingly setting Fhm = 1, the channel coefficient
between radar transmitter antenna m and UE antenna n can
be estimated as

ρ̂nm = Yhn(l∗hm), h = m, ∀m,n, (16)

where Yhn(l∗hm) is given in (12).
Proof: Substituting (15) into (12) yields l∗hm = 0 and

Yhn(l∗hm) = ρnm + Ξhn(l∗hm) for h = m (∀m ∈ [0,M − 1]).
Thus, Yhn(l∗hm) can be used as an estimate of ρnm.

The scheduling of the zero-th hopping frequency, as given
in (15), is also illustrated in Fig. 1(c). We remark that the
constraint may only involve altering the pairing between
hopping frequencies and antennas, and it incurs no change
to the range ambiguity function according to [19, Proposition
1]. To be more specific, if there are M hops in a radar pulse
having the zero-th sub-band selected originally, then we can re-
assign the zero-th sub-band in such a manner that the M radar
transmitter antennas can each take the zero-th sub-band over
the M (non-consecutive) hops. If there are less than M hops
selecting the zero-th sub-band as hopping frequency, then we
need to insert the zero-th sub-band to some hops to make the
number of such hops becomes M . Given that an FH-MIMO
radar randomly selects hopping frequencies to use [23], the
insertion can have negligible impact on the range ambiguity
function of the radar.

B. Estimating Lη
Using the estimate ρ̂nm, we can obtain an equivalent

channel coefficients from (12), leading to

Ỹhnm =
Yhn(l∗hm)

ρ̂nm
= e−j

2πLηl
∗
hm

L + Ξ̃hnm, (17)

where Ξ̃hnm = Ξhn(l∗hm)/ρ̂nm. Note that the exponential term
becomes the same for all the UE antennas, and hence we can
coherently combine Ỹhnm over n to improve the estimation
SNR. This yields

Ȳhm =
1

N

N−1∑
h=0

Ỹhnm = e−j
2πLη∆khm

L + Ξ̄hm, (18)

where l∗hm is replaced by khm∆ given their relation in (12),
and Ξ̄hm = 1

N

∑N−1
n=0 Ξ̃hnm. To estimate Lη , we propose to

transform the timing offset estimation problem as follows.
Lemma 2: Design the hopping frequencies at hop h = 0

such that they take continuous values, e.g.,

k0m = k0 +m, m = 0, 1, · · · ,M − 1, (19)

where k0 can take 0 or any integer from {1, · · · ,K −M}.
Then, we can turn the Lη estimation into a more tractable
problem which estimates the frequency, denoted by Υ, of a
discrete single-tone signal,

Ȳ0m = e−j
2πΥk0
M e−j

2πΥm
M + Ξ̄0m, s.t. Υ = Lη∆M/L. (20)

The proof can be established by substituting (19) into (18)
and reshaping the exponent of the exponential term. Clearly,
the single-tone frequency estimation problem, as formulated
in Lemma 2 is more tractable, compared with estimating Lη
based on (18). However, there can be an estimation ambiguity
problem, as elaborated on below. According to the definition
of Υ given in (20), we have Υ ∈ [0,∆M/2]. That is, Υ > M
can happen if ∆ > 2. Given the up limit of Υ, we have
Υ/M = ∆/2. Thus, we can express Υ as

Υ = (Υ)M + dM, s.t. d = 0, 1, · · · , d∆/2e − 1, (21)

where (·)M denotes modulo-M and d is referred to as the
ambiguity degree. Substituting (21) into (20), we obtain

Ȳ0m = e−j
2πΥk0
M e−j

2π(Υ)Mm

M + Ξ̄0m. (22)

We see that only (Υ)M can be estimated from Ȳ0m. In other
words, Υ can be estimated from Ȳ0m with an ambiguity degree
of d. In the following, we apply the method developed in
[33] to estimate (Υ)M from Ȳ0m, given that the method has
low computational complexity and high accuracy. We will also
design the method to recover Υ from (Υ)M .

1) Estimating Lη: A coarse estimate of Υ can be obtained
from the DFT of Ȳ0m w.r.t. m which is given by

Ym =
1

M

M−1∑
m′=0

Ȳ0m′e
−j 2πm′mM .

Let m̃ denote the peak index of |Ym|, and then a coarse
estimate of (Υ)M is given by 2πm̃

M . While the actual value
of (Υ)M can be expressed as 2π(m̃+δ)

M , with δ ∈ [−0.5, 0.5]
denoting the fractional part of (Υ)M .
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Next, we iteratively interpolate the DFT coefficients around
m̃ to estimate δ [34].

Step 1) Compute the interpolated DFTs as follows

Y± =
1

M

M−1∑
m′=0

Y0m′e
−j 2πm

′(m̃+δ±ε)
M , (23)

where δ (to be updated) takes zero initially, i.e., δ = 0,
and ε is a constant intermediate variable which takes ε =
min{M− 1

3 , 0.32} [33, Eq. (23)].
Step 2) Set δold = δ and update δ as follows [34]

δ =
ε cos2(πε)

1− πε cot(πε)
×<{ζ}+ δold, (24)

where ζ = Y+−Y−
Y++Y−

is calculated based on (23).
Step 3) Iteratively perform the above two steps for up to

Niter rounds. The final δ is given by δ∗ = δNiter

In general, Niter = 3 enables the algorithm to converge
[33], [34], with the convergent performance approaching the
CRLB to be derived in Section V-B. The estimate of (Υ)M is
given by (m̃ + δ∗), thus, based on (21), the final estimate of
Υ is

Υ̂ = m̃+ δ∗ + dM, d = 0, 1, · · · , d∆/2e − 1. (25)

Substituting (25) into (20), we obtain the estimate of Lη , as
given by

L̂(d)
η = L(m̃+ δ∗)/(M∆) + Ld/∆. (26)

2) Removing Estimation Ambiguity: We enumerate the
possible estimates and compare the SNR in the recovered
hops, since the ambiguity degree is generally limited given
the potentially small value of ∆. Besides, we use the first hop
to fulfill the task, given that it has a known feature; see Lemma
2. Based on (6) and (7), the first “complete” hop, recovered
using L̂(d)

η , is given by

y
(d)
0n (i) =

[
y0n(L̂(d)

η ), · · · , y0n(L− 1),

y1n(0), · · · , y1n(L̂(d)
η − 1)

]T
, (27)

where yhn(i) (h = 0, 1) is the n-th entry of yh(i) given in (6)
and y(d)

0n (i) denotes the recovered first hop. Take the L-point
DFT of y(d)

0n (i), leading to

X
(d)
0n (l) =

1

L

L−1∑
i=0

y
(d)
0n (i)e−j

2πil
L . (28)

Provided that d∗ is the correct ambiguity degree and L̂(d∗)
η is

sufficiently accurate, X(d∗)
0n (l) becomes

X
(d∗)
0n (l) =

P−1∑
p=0

βpe
jnνp

M−1∑
m=0

ejmupδ (l − l∗0m) + Πhn(l).

As a result, there are only M effective values in X(d∗)
0n (l) as

given by X(d∗)
0n (l∗0m) = ρnm+Π0n(l∗0m) (m = 0, 1, · · · ,M −

1), where ρnm is given in (12). The rest of X(d∗)
0n (l) (l 6= l∗0m)

are noises. Therefore, the SNR of a correctly recovered hop
can be given by

γ
(d∗)
X0

=
1

MN

∑M−1
m=0

∑N−1
n=0 |X

(d∗)
0n (l∗0m)|2

1
N(L−M)

∑L−1
l=0
l 6=l∗0m

∑N−1
n=0 |X

(d∗)
0n (l)|2

. (29)

For d 6= d∗, part of the signal power will leak to the sidelobe
region, incurring a decrease of the numerator and an increase
of the denominator in γ(d∗)

X . Therefore, the correct ambiguity
degree can be identified via solving the following problem

d∗ = argmaxd=0,1,··· ,d∆/2e−1 γ
(d)
X0
, (30)

where γ
(d)
X0

is calculated by replacing X
(d∗)
0n (l) in (29) with

X
(d)
0n (l) obtained in (28).
Remark 2: We remark that the overall complexity of the

proposed methods is generally low, as analyzed below. The
complexity of the estimation of ρnm developed in Section
IV-A is dominated by computing Yhn(l), as given in (9). The
complexity of this computation can be given by O(MNL2),
where the factor M is because the computation happens over
M hops; see Lemma 2, and N is because the computation
needs to be performed for each of the N receiver antennas.
The complexity of estimating Lη , as developed in Section
IV-B, is dominated by the computations in (17), (23) and (30).
Their complexities can be, respectively, given by O(MN),
O(2IiterM) and O(d∆/2eL log2 L), where Iiter is the number
of iterations performed for estimating (Υ)M from Ȳ0m. As
mentioned earlier, Iiter = 3 ensures asymptotic convergence to
the CRLB. Jointly considering the complexity in the four O(·)
expressions given above, the overall computational complexity
of the proposed scheme is in the order of O(MNL2).

C. Information Demodulation

With Lη estimated and compensated, we can take the
standard L-dimensional DFT of yhn(i) (∀h ≥ 2) given in
(6), leading to

Zhn(l) = 1
L

∑L−1
i=0 yhn(i) =

∑P−1
p=0 βpe

jnνp×∑M−1
m=0 e

jmupδ (l − l∗hm)Fhm + Πhn(l);

Zhn(l∗hm) = ρnmFhm + Πhn(l∗hm),

(31)

where Πhn(l) = 1
L

∑L−1
i=0 [nh(i)]ne

−j 2πilL . To demodulate
Fhm, we need extract the signal component solely associated
with the m-th radar transmitter antenna, i.e., Zhn(l∗hm) given
in (31). However, the index l∗hm = khm∆ needs to estimated,
which essentially requires the estimation of khm (the hopping
frequency used by antenna m at hop h).

1) Estimating khm: Conventional FH-MIMO radars can
randomly change hopping frequencies over hops [23]. To make
it possible for the UE to estimate khm, we propose to re-
pair the hopping frequencies with radar transmitter antennas at
each hop. Specifically, after hopping frequencies are randomly
selected for a hop, the frequencies are sorted in an ascending
order before assigned to the antennas. This leads to{

khm < kh(m+1) h ∈ [1,M − 1], ∀m, m 6= h
khm < kh(m+1) h ∈ [M,H − 1], ∀m, (32)
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TABLE I
ESTIMATING khm

1) Use L̂(d∗)
η to remove the timing offset and re-construct

hop h (∀h > 0), as done in (27), where the subscripts
0 and 1 are replaced by h and (h+ 1), respectively;

2) Take the standard L-point DFT of the reconstructed
hops, leading to Zhn(l) given in (31);

3) To exploit the antenna diversity, we can combine Zhn(l)
over ∀n, which gives Z̄h(l) = 1

N

∑N−1
n=0 |Zhn(l)|2; refer

to Remark 3 for the illustration of diversity gain.
4) Identify the strongest M peaks from Z̄h(l) with the peak

indexes denoted by lm′ (l0 < l1 < · · · < l(M−1));
5) Associate the peaks with the radar transmitter antennas

based on (32), leading to the estimates of khm and
l∗hm(= khm∆), denoted by k̂hm and l̂∗hm, respectively.
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Fig. 2. Illustration of signal cancellation. In Fig. 2(a) the solid curve is for
|Zh0(l)| and the dash for |Zh1(l)|. In Fig. 2(b), the solid curve plots |Z̄h(l)|.
In both figures, circular markers indicate the set hopping frequencies and cross
markers the detected. Here, N = 2 and the other parameters are the same as
those used in Section VI.

where m 6= h in the first row is to enforce condition (15)
required in Lemma 1. As assured by [19, Proposition 1], the
above re-pairing does not incur any change to the radar range
ambiguity function. Enabled by (32), we propose to identify
the hopping frequencies, as summarized in Table I.

Remark 3: The information-bearing signal from the m-
th radar transmitter antenna can be severely attenuated when
arriving at the UE. This can be seen from the complex
summation of multiple paths, i.e.,

∑P−1
p=0 βpe

jmupejnνpFhm
given in (12) and (31). The phenomenon, referred to as signal
cancellation, can severely degrade the detection performance
of k̂hm. As demonstrated in Fig. 2(a), the fourth DFT peak
is attenuated severely such that it is missed. From (12) and
(31), we notice that if

∑P−1
p=0 βpe

jmupejnνpFhm approaches
zero, it is likely that

∑P−1
p=0 βpe

jmupejn
′νpFhm � 0 for some

n′ 6= n since the phase nνp (∀νp 6= 0) varies with n. The
antenna diversity can be exploited to reduce the effect of signal
cancellation, as performed in Step 3) of Table I. The efficacy of
the combining in Step 3) is demonstrated by Fig. 2(b). We see
that the magnitudes of DFT peaks are substantially enhanced,
with only two antennas at the UE.

2) FHCS Demodulation: Note that the combinations of
khm ∀m at any hop can be used for information modulation,
which is referred to as frequency hopping code selection
(FHCS) [18]. Given K available sub-bands and M transmitter

antennas at the radar, there can be CMK combinations of
hopping frequencies. We can select 2JFHCS combinations as
constellation points which can convey JFHCS = blog2

(
CMK

)
c

bits per radar hop. Comparing {k̂hm ∀m} with the constella-
tion points can demodulate the FHCS symbol, where k̂hm ∀m
is obtained from Step 5) in Table I.

3) PSK Demodulation: With l̂∗hm ∀m estimated using the
method given in Table I, we can extract the M values of
Zhn(l) at l̂∗hm, attaining Zhn(l̂∗hm) which has the same struc-
ture as Zhn(l∗hm). Then we use the ρnm estimates obtained in
Lemma 1 to perform MRC over UE antennas. This yields

Z̃hm =

(
N−1∑
n=0

ρ̂∗nmZhn(l̂∗hm)

)/(N−1∑
n=0

|ρ̂nm|2
)
. (33)

Finally, Z̃hm can be used for demodulating Fhm. We remark
that the enabling factors for exploiting antenna diversity, as
done in Step 3) of Table I and (33), are non-trivial. In
particular, they are enabled by the accurate estimations of
channel responses and timing offset obtained in Sections IV-A
and IV-B, respectively. Moreover, these estimation methods are
developed on the basis of our insights into the UE-received
signals in the FH-MIMO DFRC, as illustrated in Section III.

V. PERFORMANCE ANALYSIS

The performance of the proposed estimation and demodu-
lation methods is analyzed in this section.

A. Performance of Channel Coefficient Estimation

We first analyze the performance of the proposed estimation
method for channel coefficients. In particular, we derive the
following analytical MSE of ρ̂nm achieved in Lemma 1.

Corollary 1: The analytical MSE of ρ̂nm is given by

σ2
ρ̂nm = 2σ2

0/L, ∀n,m, (34)

where σ2
0 is the power of each entry of nh(i) given in (6).

Proof: Given (15) and Fhm = 1, Yhn(l∗hm) degenerates
into ρnm plus an AWGN Ξhn(l∗hm). Therefore, the estimation
error of ρnm is Ξhn(l∗hm), and the noise power is the estima-
tion MSE. Given the relation between nh(i) and Ξhn(l); see
below (6), the noise power of the later is 2σ2

0/L, so is the
MSE of ρ̂nm.

From Corollary 1, we see that the estimation performance
of ρnm is solely related to the number of samples in a radar
hop, i.e., L , and the variance of the antenna-level noise, i.e.,
σ2

0 . This manifests the applicability of the proposed channel
estimation method in various channel models. It is worth
pointing out that the flexible applicability is achieved by the
novel waveform design, as given in (15).

B. Performance of Timing Offset Estimation

To evaluate the performance of the proposed estimation
method for timing offset, we derive the CRLB of L(d∗)

η .
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Proposition 2: Provided that NLoS paths are negligible
compared with the LoS path and ρ̂nm approaches its true value
ρnm, the CRLB of L(d∗)

η is given by

CRLB
{
L(d∗)
η

}
=

3L

π2M3N∆2γ0
, (35)

where γ0 = |β0|2
σ2

0
, β0 is the complex gain of the LoS path and

σ2
0 is given in Corollary 1.

Proof: According to [34], the CRLB of estimating Υ from
γȲ given in (20) can be expressed as 6

4π2MγȲ
, where γȲ is the

SNR in Ȳ0m. Based on relation between Υ and Lη illustrated
in (20), the CRLB of Lη estimate can be given by

CRLB
{
L(d∗)
η

}
=

6L2

4π2M3∆2γȲ
. (36)

Next, we derive γȲ for the CRLB.
Given (20), we have γȲ = 1/σ2

Ξ̄
, where σ2

Ξ̄
denotes the

noise variance of Ξ̄0m. Based on (18), we obtain σ2
Ξ̄

= 1
N σ

2
Ξ̃

,
where σ2

Ξ̃
is the noise variance of Ξ̃0nm give in (17). We

can derive from (17) that σ2
Ξ̃

= 1
|ρ̂nm|2σ

2
Ξ ≈ 1

|β0|2σ
2
Ξ, where

the last approximation is based on the claimed conditions
of Proposition 2, and σ2

Ξ is the noise power of Ξ0n(l∗0m)
given in (9). As derived in the Corollary 1, σ2

Ξ = 2σ2
0/L.

Backtracking the above changes of noise components, we
obtain γȲ = LNγ0

2 . Substituting this into (36) leads to (35),
which concludes the proof.

From Proposition 2, we see that the performance of the
proposed timing offset estimation method is inversely pro-
portional to the third power of M and the first power of
N . This indicates that increasing M , rather than N , can
be more effective in achieving better Lη estimation (and
hence better communication performance). Note that the L-
dependence shown in (35) is not straightforward, since ∆ in
the denominator is also related to L. Taking fs = 2B, we have
∆ = BT/K = L/(2K) based on (2). Substituting this into
(35) leads to

CRLB
{
L(d∗)
η

}
=

12K2

π2M3NLγ0
, (37)

where we see that the estimation performance can be improved
by increasing L. This complies with the fact that a larger L
corresponds to a greater DFT dimension and hence a larger
estimation SNR, as analyzed in the proof of Proposition 2.

C. Communication Performance

We proceed to analyze the communication performance of
FH-MIMO DFRC achieved by the proposed receiving scheme.

1) Achievable Rate: The symbol rate of FH-MIMO DFRC
is given by H/TPRT (symbol/second), where TPRT denotes
the pulse repetition interval of the FH-MIMO radar. Thus, the
achievable rate of FH-MIMO DFRC can be given by

RDFRC =
HJ

TPRT
= rJ/T, (38)

where J denotes the number of bits conveyed in each radar
hop, r the duty cycle and T the hop duration. Based on (5),
we have J = MJPSK and hence RPSK = rMJPSK/T . Based

on Section IV-C2, we have J = JFHCS = blog2

(
CMK

)
c and

hence RFHCS = rblog2

(
CMK

)
c/T .

From (38), we see that reducing T can help improve the
achievable rate. This, however, may not stand for the FHCS-
based FH-MIMO DFRC, since JFHCS is related to T . Ac-
cording to (2), a smaller T results in a smaller ∆(= BT/K).
To keep (11) satisfied at a fixed B, we need to reduce K.
Moreover, a smaller K can yield a smaller blog2

(
CMK

)
c given

a fixed M . Therefore, reducing T can lead to the decreases of
both the numerator and denominator of RFHCS. Note that the
system parameters can be holistically designed to optimize the
performance (trade-off) of radar and communications under
the proposed receiving scheme. This is left for future work.

2) SER of PSK-based FH-MIMO DFRC: Note that a DFRC
symbol consists of M PSK sub-symbols, i.e., Fhm, m =
0, 1, · · · ,M − 1, each from a radar transmitter antenna. To
this end, the h-th DFRC symbol is correctly demodulated
only when each Fhm ∀m is correctly demodulated. Consider
Rician channel here. The resultant performance analysis can
be readily extended to Rayleigh or AWGN channel by varying
the Rician factor K. According to Section IV-C3, Fhm ∀m is
independently demodulated over identically distributed Rician
channels, the SER of demodulating Fhm ∀m is identical and
denoted by P̃PSK.

From (33), we see that Fhm ∀m is demodulated from the
MRC over N antennas with the spacing of half a wavelength.
Thus, the identically distributed Rician channels over the N
antennas can be highly correlated. To avoid the complexity of
analysis incurred by the channel coherence [35], we proceed
to derive the lower bound of P̃PSK by treating the MRC result
as a single Rician channel with the identical distribution yet an
N -fold SNR improvement, compared with the Rician channel
on a single UE receiver antenna. Applying the SER of PSK
demodulation in a Rician channel, as derived in [36], we obtain

P̃PSK =

∫ π
2

0

e−K+ K
Ω(θ)

πΩ(θ)
dθ +

∫ π
2−

π
JPSK

0

e−K+ K
Ω(θ)

πΩ(θ)
dθ,

s.t. Ω(θ) = 1 +
LNγ0 sin2 π

JPSK

K cos2 θ
, (39)

where γ0 is the antenna-level SNR defined in Proposition 2.
Accordingly, the SER of demodulating M PSK sub-symbols
is lower-bounded by

PPSK = 1−
(

1− P̃PSK

)M
, (40)

where (1−P̃PSK)M gives the probability of correctly detecting
the M PSK sub-symbols in a radar hop.

VI. SIMULATIONS

In this section, we validate the proposed design through
extensive simulations. Unless otherwise specified, we employ
the following parameters, where the FH-MIMO radar is con-
figured with refer to [18]: r = 0.2, B = 100 MHz, fs = 2B,
K = 20, M = H = 10, N = 6, T = 0.4µs (hence
L = fsT = 80 and ∆ = BT/K = 2), and Lη ∈ U[0,L/2] with
U[a,b] denoting the uniform distribution in [a, b]. Applying the
parameters in Section V-C1, we obtain

RPSK = 0.2× 10/(0.4× 10−6) = 5 Mbps;
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Fig. 3. MSE of ρ̂nm obtained in (16) and L̂(d∗)
η given in (26).

RFHCS = 0.2× blog2

(
C10

20

)
c/(0.4× 10−6) = 8.5 Mbps.

As for communication scenarios, the Rician channel with an
LoS and three NLoS paths is simulated, i.e., P = 4, where
θp ∈ U[−90◦,90◦] ∀p, φp ∈ U[−90◦,90◦] ∀p, β0 = ejx with
x ∈ U[0,2π], and βp ∼ CN (0,KdB) (∀p ∈ [1, P − 1]) with
KdB = − log10

K
P−1 denoting the Rician factor in decibel.

Below, γ0 = |β0|
σ2

0
represents the antenna-level SNR at the UE.

Fig. 3 plots the MSE of ρ̂nm and L̂η against γ0, where
both KdB = 15 dB and 5 dB are considered. In terms of
ρ̂nm, we see that the simulated MSE of ρ̂nm monotonically
decreases with γ0 and coincides with the analytical MSE
derived in Corollary 1. This validates the ρnm estimation
method proposed in Section IV-A. We also see that the MSE of
ρ̂nm is invariant under different values of KdB. This is because
we can fully decouple the estimations of ρnm and Lη , making
the estimation error of ρ̂nm solely dependent on background
noises; see Section IV-A.

As for L̂η , we see from Fig. 3 that, at KdB = 15 dB, the
MSE of L̂η approaches the CRLB derived in Proposition 2 in
the region of γ0 > −2 dB. This validates the high accuracy
of the proposed Lη estimation method, particularly given a
large KdB. We also see from the figure that the MSE of L̂η
achieved at KdB = 5 dB is not as low as that at KdB = 15
dB, and fluctuates in high SNR regions. This is because the
multi-path components lead to uneven noise variance across
the M signals constructed for Lη estimation; see (17). Despite
the slight MSE fluctuation, the overall performance of L̂η at
KdB = 5 dB improves with γ0, which is adequate for high
communication performance, as illustrated subsequently.

Fig. 4 plots the SER and achievable rate of FHCS-based
FH-MIMO DFRC against γ0, where L̂(d∗)

η obtained for Fig.
3 is used to remove the timing offset in the UE-received
signals, as elaborated on in Section IV-C. We see that the SER
curves achieved by the estimated and actual values of Lη are
nearly overlapped in the observed SNR regions. This validates
the proposed multi-antenna receiving scheme, as developed in
Section IV and manifests its robustness against the estimation
error of L̂η . We also see from Fig. 4 that, enabled by the
proposed methods, the SNR required for the achievable rate
of FHCS to approach RPSK with the SER of 10−4 is as low as
γ0 = −7 dB given KdB = 15 dB, whereas the required SNR
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Fig. 4. Communication performance of FHCS-based FH-MIMO DFRC
against γ0, where the curves with “+” markers use the y-axis on the right.
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Fig. 5. Communication performance of BPSK-based FH-MIMO DFRC, with
KdB = 15 dB and the estimated parameters used, unless otherwise specified.
The curves with “+” markers use the y-axis on the right. The SER lower
bound PPSK is given in (40).

increases to −1 dB for KdB = 5 dB. The moderate increase
is caused by the signal cancellation illustrated in Remark 3.

Fig. 5 plots the SER and achievable rate of BPSK-based
FH-MIMO DFRC against γ0 in the case of KdB = 15 dB. We
see that the proposed multi-antenna receiving scheme enables
the SER of BPSK to decrease consistently over the observed
region of γ0. In particular, the SER decreases to nearly 10−4

at a low SNR of γ0 = −2 dB. We also see that in the region of
γ0 ≤ −16 dB, khm has a more dominant impact on the SER
than ρnm and the reverse is seen in the region of γ0 > −16
dB. From the achievable rate curves, we see that the proposed
design enables BPSK-based FH-MIMO DFRC to approach
RPSK once γ0 ≥ −6 dB. Moreover, the SNR required for
10−4 SER is as low as −1 dB.

Fig. 6 plots the SER and achievable rate of BPSK-based
FH-MIMO DFRC against γ0 in the case of KdB = 5 dB. We
see a decreasing SER w.r.t. γ0. However, the decreasing rate is
smaller, as compared with the large-KdB results given in Fig.
5. The main reason for this change is the SNR fluctuation
across UE antennas, where the fluctuation is further caused
by the different extents of signal cancellation presented on
UE antennas. As for the achievable rate, we see from Fig. 6
that the SNR required for approaching 10 Mbps is −1 dB,
which is 5 dB higher that observed in Fig. 5.

Figs. 5 and 6 also plot the derived SER lower bounds for
BPSK-based FH-MIMO DFRC. We see that the bound can
precisely depict the the actual SER performance particularly
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Fig. 6. The same simulation as done in Fig. 5 with KdB = 5 dB here.
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Fig. 7. Comparing SER between the proposed (PP) muli-antenna receiving
scheme and the single-antenna (SA) schemes, where “FHCS, SA” and “BPSK,
SA” are obtained by the methods designed in [18] and [14], respectively.

when K is small. This is because the Rician channel can
degenerate into the LoS-dominant AWGN channel for large
values of K. Jointly observing the two figures, we further see
that between the two performance metrics, the SER is more
prone to multi-path fading, as compared with the achievable
rate. Precoding can be designed at the radar to enhance the
SER performance. This is left for future work.

Fig. 7 compares the proposed multi-antenna receiving
scheme with two single-antenna schemes designed in [18]
and [14]. For fair comparison, the same multi-path fading and
total transmission power are set for all schemes. Since the
benchmark methods use a single antenna, their SNR is thus
10 log10N dB higher than the proposed scheme at each receiv-
ing antenna. For example, at the SNR of 0 dB in the figure, the
SNR for the two benchmark schemes is 10 log10N dB. From
Fig. 7, we see that the proposed receiving scheme substantially
outperforms the benchmark schemes [14], [18], particularly
when FHCS modulation is performed. Specifically, we see
that to achieve a SER of 10−3 for FHCS, the proposed scheme
only requires an SNR of −4 dB, while the scheme [18] would
require an SNR larger than 10 dB. In addition, we see that
the SER curves achieved by the proposed scheme are much
steeper than those by the benchmark schemes, which shows
the diversity gain achieved by the proposed scheme.

Fig. 8 plots the SER performance of FHCS-/BPSK-based
FH-MIMO DFRC against N . We see that both FHCS and

1 2 3 4 5 6

N

10
-4

10
-3

10
-2

10
-1

S
E

R

Fig. 8. SER of FH-IMMO DFRC against N , where, unless otherwise
specified, KdB = 5 dB, and we use BPSK and the estimated parameters.

BPSK have better SER performance as N increases. Partic-
ularly from N = 1 to N = 2, the SER decrease of FHCS
can be orders of magnitude. This improvement is because the
demodulation SNRs of FHCS and BPSK increase with N ; see
Section IV-C. We also see that N has a more evident impact
on FHCS. This is because FHCS is more prone to the signal
cancellation illustrated in Remark 3; hence increasing N can
introduce more diversity over UE antennas. We conclude from
Fig. 8 that furnishing the UE with a multi-antenna receiver can
dramatically improve the performance of FH-MIMO DFRC. It
is worth mentioning that the high communication performance
is achieved by the proposed receiving scheme and estimation
methods for channel parameters.

VII. CONCLUSIONS AND FUTURE WORKS

A high-performance multi-antenna receiving scheme is de-
veloped for FH-MIMO DFRC in multi-path channels. This
is achieved by a special time-frequency transformation which
suppresses inter-antenna and inter-hop interference, and sub-
stantially simplifies the DFRC signal model. This is also
accomplished by devising new minimal constraints on radar
waveform, decoupling the estimations of channel coefficients
and timing offset. This is further fulfilled by newly proposed
estimation methods for channel parameters. Validated by ex-
tensive simulations, superior communication performance is
attained by the proposed receiving scheme, tightly approaching
the derived analytical bound.

As a future work, a holistic system parameter design will be
carried out taking into account the performance of parameter
estimation and data communication, as derived in Section
V, and also the performance of radar sensing, as measured
by, e.g., the range ambiguity function [14], [23]. As another
future work, precoding at the radar will be designed to further
improve communication performance in fading channels.
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