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ABSTRACT
We propose a novel three-stage delay-Doppler-angle estimation al-
gorithm for a MIMO-OFDM radar in the presence of inter-carrier
interference (ICI). First, leveraging the observation that spatial co-
variance matrix is independent of target delays and Dopplers, we
perform angle estimation via the MUSIC algorithm. For each es-
timated angle, we next formulate the radar delay-Doppler estima-
tion as a joint carrier frequency offset (CFO) and channel estimation
problem via an APES (amplitude and phase estimation) spatial fil-
tering approach by transforming the delay-Doppler parameterized
radar channel into an unstructured form. In the final stage, delay and
Doppler of each target can be recovered from target-specific chan-
nel estimates over time and frequency. Simulation results illustrate
the superior performance of the proposed algorithm in high-mobility
scenarios.

Index Terms— OFDM, joint radar-communications, intercar-
rier interference, APES, CFO estimation.

1. INTRODUCTION
With a huge increase of interest in co-existence and spectrum shar-
ing among radar and communications, joint radar-communications
(JRC) strategies are being actively developed for 5G and beyond
wireless systems [1–6]. A promising approach to practical JRC
implementation is to design dual-functional radar-communications
(DFRC) systems, which employ a single hardware that can simul-
taneously perform radar sensing and data transmission with a co-
designed waveform [2, 7, 8]. Orthogonal frequency-division multi-
plexing (OFDM) has been widely investigated as a DFRC waveform
due its wide availability in wireless communication systems and its
potential to achieve high radar performance [9–11]. In the liter-
ature, estimator design for OFDM radar sensing has been studied
in both single-antenna [9, 11, 12] and multiple-input multiple-output
(MIMO) [13, 14] settings.

In high-mobility scenarios, such as millimeter-wave (mmWave)
vehicular JRC systems [2], Doppler-induced intercarrier interference
(ICI) can significantly degrade the performance of OFDM from both
radar and communications perspective [15–17]. To improve OFDM
radar performance, various ICI mitigation approaches have been pro-
posed [11, 12, 15, 16]. In [15], the ICI effect is eliminated via an all-
cell Doppler correction (ACDC) method, which requires the OFDM
symbol matrix to be rank-one and therefore leads to a substantial loss
in data rate. Similarly, ICI mitigation technique in [16] imposes cer-
tain constraints on transmit symbols, which impedes dual-functional
operation. An alternating maximization approach is designed in [11]
to reduce the complexity of high-dimensional maximum-likelihood
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(ML) search by assuming that the number of targets is known a-
priori. The work in [12] considers a single-target scenario and pro-
poses a pulse compression technique to compensate for ICI-induced
phase rotations across OFDM subcarriers.

In this paper, we propose an ICI-aware delay-Doppler-angle es-
timation algorithm for a MIMO-OFDM radar with arbitrary transmit
symbols in a generic multi-target scenario. The main ingredient is to
re-formulate radar sensing as a joint carrier frequency offset (CFO)1

and channel estimation problem, which allows us to decontaminate
the ICI effect from the resulting channel estimates, leading to high-
accuracy delay-Doppler estimation. To that end, we first perform an-
gle estimation using the MUSIC high-resolution direction finding al-
gorithm [18] based on the observation that spatial covariance matrix
does not depend on target delays and Dopplers. To suppress mutual
multi-target interferences [19] in the spatial domain, we then devise
an APES-like spatial filtering approach [1, 20] that performs joint
Doppler/CFO and unstructured radar channel estimation for each es-
timated target angle separately. Finally, delay-Doppler of each target
can be estimated from target-specific channel estimates by exploit-
ing the OFDM time-frequency structure. Simulations are carried out
to demonstrate the performance of the proposed algorithm in high-
mobility scenarios. To the best of authors’ knowledge, this is the first
algorithm for MIMO-OFDM radar that takes into account the effect
of ICI in estimating multiple target parameters without imposing any
structure on data symbols.

Notations: Uppercase (lowercase) boldface letters are used to
denote matrices (vectors). (·)∗, (·)T and (·)H represent conjugate,
transpose and Hermitian transpose operators, respectively. <{·}
denotes the real part. The nth entry of a vector x is denoted as
[x]i, while the (m,n)th element of a matrix X is [X]m,n. ΠX =

X(XHX)−1XH represents the orthogonal projection operator onto
the column space of X and � denotes the Hadamard product.

2. OFDM RADAR SYSTEM MODEL
Consider an OFDM DFRC transceiver that communicates with an
OFDM receiver while concurrently performing radar sensing us-
ing the backscattered signals for target detection [7, 9]. The DFRC
transceiver is equipped with an NT-element transmit (TX) uniform
linear array (ULA) and an NR-element receive (RX) ULA. We as-
sume co-located and perfectly decoupled TX/RX antenna arrays so
that the radar receiver does not suffer from self-interference due to
full-duplex radar operation [9, 21–23]. In this section, we derive
OFDM transmit and receive signal models and formulate the multi-
target parameter estimation problem.

2.1. Transmit Signal Model
We consider an OFDM communication frame consisting of M
OFDM symbols, each of which has a total duration of Tsym =

1Borrowing from the OFDM communications literature [17], we use
Doppler and CFO interchangeably throughout the text.



Tcp + T and a total bandwidth of N∆f = B. Here, Tcp and T
denote, respectively, the cyclic prefix (CP) duration and the elemen-
tary symbol duration, ∆f = 1/T is the subcarrier spacing, andN is
the number of subcarriers [9]. Then, the complex baseband transmit
signal for the mth symbol is given by

sm(t) =
1√
N

N−1∑
n=0

xn,m e
j2πn∆ftrect

(
t−mTsym

Tsym

)
(1)

where xn,m denotes the complex data symbol on the nth subcarrier
for the mth symbol [10], and rect (t) is a rectangular function that
takes the value 1 for t ∈ [0, 1] and 0 otherwise. Assuming a single-
stream beamforming model [13, 23, 24], the transmitted signal over
the block of M symbols for t ∈ [0,MTsym] can be written as

<

{
fT

M−1∑
m=0

sm(t)ej2πfct
}

(2)

where fc and fT ∈ CNT×1 denote, respectively, the carrier fre-
quency and the TX beamforming vector.

2.2. Receive Signal Model

Suppose there exists a point target in the far-field, characterized by
a complex channel gain α (including path loss and radar cross sec-
tion effects), an azimuth angle θ, a round-trip delay τ and a nor-
malized Doppler shift ν = 2v/c (leading to a time-varying delay
τ(t) = τ − νt), where v and c denote the radial velocity and speed
of propagation, respectively. In addition, let aT(θ) ∈ CNT×1 and
aR(θ) ∈ CNR×1 denote, respectively, the steering vectors of the
TX and RX ULAs, i.e., [aT(θ)]i = ej

2π
λ
di sin(θ) and [aR(θ)]i =

ej
2π
λ
di sin(θ), where λ and d = λ/2 denote the signal wavelength

and antenna element spacing, respectively. Given the transmit signal
model in (2), the backscattered signal impinging onto the ith element
of the radar RX array can be expressed as

yi(t) = α [aR(θ)]i a
T
T(θ)fT

M−1∑
m=0

sm
(
t− τ(t)

)
e−j2πfcτej2πfcνt .

We make the following standard assumptions: (i) the CP du-
ration is larger than the round-trip delay of the furthermost target2,
i.e., Tcp ≥ τ , [2, 12, 22], (ii) the Doppler shifts satisfy |ν| � 1/N
[11, 12], and (iii) the time-bandwidth product (TBP) BMTsym is
sufficiently low so that the wideband effect can be ignored, i.e.,
sm(t− τ(t)) ≈ sm(t− τ) [15]. Under this setting, sampling yi(t)
at t = mTsym + Tcp + `T/N for ` = 0, . . . , N − 1 (i.e., after
CP removal for the mth symbol) and neglecting constant terms, the
time-domain signal received by the ith antenna in the mth symbol
can be written as [11]

yi,m[`] = α [aR(θ)]i a
T
T(θ)fT e

j2πfcmTsymνej2πfcT
`
N
ν (3)

× 1√
N

N−1∑
n=0

xn,m e
j2πn `

N e−j2πn∆fτ .

2.3. Fast-Time/Slow-Time Representation with ICI

For the sake of convenience, let us define, respectively, the frequency-
domain and temporal steering vectors and the ICI phase rotation

2We focus on small surveillance volumes where the targets are relatively
close to the radar, such as vehicular applications.
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Fig. 1. Range profiles of MIMO-OFDM radar with the parameters given
in Sec. 4 for two different target velocities. The scenario contains 3 tar-
gets having the same velocity v, the ranges (60, 100, 150)m, the angles
(25◦, 30◦, 35◦) and the SNRs (i.e., |αk|2/σ2) (30, 5, 0) dB, respectively.

matrix as

b(τ) ,
[
1, e−j2π∆fτ , . . . , e−j2π(N−1)∆fτ

]T
(4)

c(ν) ,
[
1, e−j2πfcTsymν , . . . , e−j2πfc(M−1)Tsymν

]T
(5)

D(ν) , diag

(
1, ej2πfc

T
N
ν , . . . , ej2πfc

T (N−1)
N

ν

)
. (6)

Accordingly, the radar observations in (3) can be expressed as

yi,m = α [aR(θ)]i a
T
T(θ)fTD(ν)FHN

(
xm � b(τ) [c∗(ν)]m

)
(7)

where FN ∈ CN×N is the unitary DFT matrix with [F]`,n =
1√
N
e−j2πn

`
N , yi,m , [yi,m[0] . . . yi,m[N − 1]]T and xm ,

[x0,m . . . xN−1,m]T .
Aggregating (7) over M symbols and considering the presence

of multiple targets, the OFDM radar signal received by the ith an-
tenna over a frame can be written in a fast-time/slow-time compact
matrix form as

Yi =

K−1∑
k=0

α
(i)
k D(νk)︸ ︷︷ ︸

ICI

FHN

(
X� b(τk)cH(νk)

)
+ Zi (8)

for i = 0, . . . , NR − 1, where α(i)
k , αk [aR(θk)]i a

T
T(θk)fT,

(αk, τk, νk, θk) are the parameters of the kth target, Yi , [yi,0 . . .

yi,M−1] ∈ CN×M , X , [x0 . . . xM−1] ∈ CN×M and Zi ∈
CN×M is the additive noise matrix with vec (Zi) ∼ CN (0NM ,
σ2INM ). In (8), each column contains fast-time samples within a
particular symbol and each row contains slow-time samples at a par-
ticular range bin. The diagonal phase rotation matrix D(ν) quanti-
fies the ICI effect in fast-time domain, leading to Doppler-dependent
phase-shifts across fast-time samples of each OFDM symbol, sim-
ilar to the CFO effect in OFDM communications [25, 26]. Fig. 1
illustrates the effect of ICI on the range profile of an OFDM radar.

Given the transmit data symbols X, the problem of interest for
OFDM radar sensing is to estimate channel gains {αk}K−1

k=0 , azimuth
angles {θk}K−1

k=0 , delays {τk}K−1
k=0 and Doppler shifts {νk}K−1

k=0

from the received NR × N × M space/fast-time/slow-time data
cube {Yi}NR−1

i=0 in (8).

3. PARAMETER ESTIMATION VIA APES SPATIAL
FILTERING

The ML approach to (8) requires a computationally prohibitive 3K
dimensional search over the parameter space. Additionally, the num-
ber of targets K is unknown a-priori. To tackle this challenging esti-
mation problem, we devise a three-stage low-complexity algorithm
as described in the following subsections.



3.1. Step 1: Angle Estimation via MUSIC
For mathematical convenience, we consider the space/fast-time
snapshot of the data cube in (8) corresponding to the mth OFDM
symbol:

Ym , [y0,m . . . yNR−1,m] ∈ CN×NR (9)

=

K−1∑
k=0

αk aTT(θk)fTD(νk)FHNdiag (xm)

× b(τk) [c∗(νk)]m aTR(θk) + Zm

for m = 0, . . . ,M − 1. We propose to perform angle estimation
using the MUSIC algorithm [18]. To this end, we first construct the
spatial covariance matrix (SCM) of the data cube in (9) as

R ,
M−1∑
m=0

YH
mYm . (10)

Under the assumption of spatially non-overlapping targets (i.e.,
aHR (θk1)aR(θk2) ≈ 0, ∀ k1 6= k2), the SCM can be approximated
as (the proof is omitted due to space limitation)

R ≈ ‖X‖2F
K−1∑
k=0

|αk|2|aTT(θk)fT|2a∗R(θk)aTR(θk) + σ2I (11)

which is independent of target delays and Dopplers. Hence, cre-
ating the MUSIC spectrum from the SCM in (10) does not re-
quire target delay-Doppler information. Assuming NR > K,
let the eigendecomposition of the SCM be denoted as R =
UsΛsU

H
s + UnΛnUH

n , where the diagonal matrix Λs contains
the K largest eigenvalues, Λn contains the remaining NR − K
eigenvalues, and Us and Un have the corresponding eigenvectors
as their columns. Then, the MUSIC spectrum can be computed as

f(θ) =
1

aTR(θ)UnUH
n a∗R(θ)

. (12)

Let S = {θ̂0, . . . , θ̂K−1} be the set of estimated angles in Step 1,
which correspond to the peaks of the MUSIC spectrum3 in (12).

3.2. Step 2: Joint Doppler/CFO and Unstructured Channel Es-
timation via APES Beamforming
In Step 2, we formulate a joint Doppler/CFO and channel estimation
problem for each θ̂ ∈ S, assuming the existence of a single target at
a given angle. Invoking the assumption of spatially non-overlapping
targets, we treat interferences from other target components as noise
and consider a single-target model in (9) for each θ̂ ∈ S. To that
aim, let

H = [h0 . . . hM−1] ∈ CL×M (13)

denote the unstructured, single-target radar channels in the time do-
main with L taps, collected over M OFDM symbols. Here, L ≤
NTcp/T due to the CP requirement. Based on this unstructured rep-
resentation, (9) can be re-written as

Ym = D(ν)XmhmaTR(θ̂) + Zm (14)

where Xm , FHNdiag (xm) FN,L, FN,L ∈ CN×L denotes the first
L columns of FN and Zm contains noise and interferences from
other targets in S. According to (9), the frequency-domain radar
channels have the form

FN,LH = αb(τ)cH(ν) (15)

3To prevent performance degradation at low SNRs due to spurious peaks
and misidentification of signal and noise subspaces, improved versions of
MUSIC can be employed, e.g., [27].

with α , αaTT(θ̂)fT representing the complex channel gain includ-
ing the transmit beamforming effect.

Remark 1 (Duality Between OFDM Communications and
OFDM Radar in (14)). Based on the observation that radar targets
can be interpreted as uncooperative users from a communications
perspective (as they transmit information to the radar receiver via re-
flections in an unintentional manner [1,4]), we point out an interest-
ing duality between the OFDM radar signal model with ICI in (14)
and an OFDM communications model with CFO (e.g., [17, Eq. (5)]
and [28, Eq. (4)]). Precisely, D(ν) represents CFO between the
OFDM transmitter and receiver for a communications setup, while
it quantifies the ICI effect due to high-speed targets for OFDM
radar. Similarly, Xm represents data/pilot symbols for communi-
cations and probing signals for radar4. In addition, hm represents
the time-domain channel for communications and the structured
(delay-Doppler parameterized) channel for radar.

In light of Remark 1, we re-formulate the radar delay-Doppler
estimation problem as a communication channel estimation prob-
lem, where the objective is to jointly estimate the unstructured time-
domain channels H and the CFO ν from (14). To perform channel
estimation in (14), we propose an APES-like beamformer [20]

min
w,H,ν

M−1∑
m=0

∥∥∥Ymw∗ −D(ν)Xmhm

∥∥∥2

(16)

s.t. wHaR(θ̂) = 1

where w ∈ CNR×1 is the APES spatial beamforming vector for an
estimated angle θ̂ ∈ S. The optimal channel estimate for the mth

symbol in (16) for a given w and ν is given by

ĥm =
(
XH
mXm

)−1

XH
mDH(ν)Ymw∗ . (17)

Plugging (17) back into (16) yields

min
w,ν

wTQ(ν)w∗ s.t. wHaR(θ̂) = 1 (18)

where Q(ν) , R−Σ(ν) is the residual SCM, R is the SCM of the
observed data cube in (10) and

Σ(ν) ,
M−1∑
m=0

(
ΠXm

DH(ν)Ym

)H(
ΠXm

DH(ν)Ym

)
(19)

is the SCM of the CFO compensated observed data component that
lies in the subspace spanned by the columns of the pilot symbols.
For a given CFO ν, the optimal beamformer in (18) can be obtained
in closed-form as [20]

ŵ =
Q∗(ν)−1aR(θ̂)

aHR (θ̂)Q∗(ν)−1aR(θ̂)
. (20)

Substituting (20) into (18), the CFO can be estimated as

ν̂ = arg max
ν

aHR (θ̂)Q∗(ν)−1aR(θ̂) . (21)

Finally, plugging (20) and (21) into (17), the channel estimates can
be expressed as

ĥm =

(
XH
mXm

)−1

XH
mDH(ν̂)YmQ(ν̂)−1a∗R(θ̂)

aTR(θ̂)Q(ν̂)−1a∗R(θ̂)
. (22)

4For radar sensing, every symbol acts as a pilot due to dual-functional
operation on a single hardware platform.
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Fig. 2. MUSIC spatial spectrum of OFDM radar in Step 1 along with the
results of ordinary beamforming (BF) aTR(θ)Ra∗R(θ).

3.3. Step 3: Delay-Doppler Recovery from Unstructured Chan-
nel Estimates
Given the unstructured channel estimates Ĥ ,

[
ĥ0, . . . , ĥM−1

]
obtained in (22), we aim to estimate channel gain, delay and Doppler
shift via a least-squares (LS) approach by exploiting the structure in
(15) as follows:

min
α,τ,ν

∥∥∥FN,LĤ− αb(τ)cH(ν)
∥∥∥2

F
. (23)

In (23), delay and Doppler estimates τ̂ and ν̂ can be obtained simply
via 2-D FFT (i.e., IFFT and FFT across the columns and rows of
FN,LĤ, respectively). Then, channel gain can be estimated as α̂ =

bH(τ̂)FN,LĤc(ν̂)/(‖b(τ̂)‖2 ‖c(ν̂)‖2). The overall algorithm is
summarized in Algorithm 1.

Algorithm 1 APES Filtering for ICI-Aware MIMO-OFDM Radar

Input: Space/fast-time/slow-time data cube {Yi}NR−1
i=0 in (8).

Output: Delay-Doppler-angle triplets {(τ̂k, ν̂k, θ̂k)}K−1
k=0 .

Step 1: Estimate target angles by identifying the peaks in the MU-
SIC spatial spectrum in (12).
Step 2: For each estimated angle θ̂:

Estimate the Doppler/CFO from (21).
Estimate the time-domain channels Ĥ via (22).

Step 3: For each estimated angle θ̂, estimate delay-Doppler in
(23) from the unstructured channel estimates Ĥ.

4. SIMULATION RESULTS
To demonstrate the performance of Algorithm 1, we consider an
OFDM system with fc = 60 GHz, B = 50 MHz, N = 2048,
∆f = 24.41 kHz, Tsym = 51.2µs, M = 64, NT = 8 and
NR = 8. The data symbols X are randomly generated from the
QPSK alphabet and the transmit beamformer is set to point towards
30◦, i.e., fT = a∗T(30◦). To illustrate the output of Algorithm 1,
we first consider a scenario consisting of K = 3 targets with the
ranges (60, 100, 150) m, the velocities (−60, 30, 120) m/s, the an-
gles (10◦, 25◦, 45◦) and the SNRs (i.e., |αk|2/σ2) (30, 15, 25) dB.
Fig. 2 shows the MUSIC spectrum (12) obtained in Step 1 of Algo-
rithm 1. In addition, Fig. 3 demonstrates the range-velocity profiles
obtained in Step 3 for each target angle along with the results of
standard 2-D FFT [9]. It is observed that the proposed algorithm
can successfully separate multiple target reflections in the angular
domain, estimate their Dopplers/CFOs for ICI elimination and accu-
rately recover delays and Dopplers.

Second, we compare the performance of Algorithm 1 with the
2-D FFT benchmark [9] in a single-target scenario with (R, v, θ) =

Fig. 3. Range-velocity profiles obtained by standard 2-D FFT after receive
beamforming towards 10◦ and those obtained by Algorithm 1 in Step 3 as
the output of 2-D FFT of target-specific frequency-domain channel estimates
for Target 1, Target 2 and Target 3.
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Fig. 4. Range and velocity estimation performances of Algorithm 1
and 2-D FFT benchmark.

(80 m, 70 m/s, 30◦) and an SNR of −5 dB using M = 8 sym-
bols. Since there exists no previous estimators for ICI-aware MIMO-
OFDM radar, 2-D FFT is applied on the fast-time/slow-time snap-
shot obtained by receive beamforming of the data cube towards the
true target angle. Fig. 4 shows the range and velocity RMSEs of Al-
gorithm 1 and the 2-D FFT benchmark with respect to SNR and tar-
get velocity over 100 Monte Carlo noise realizations. As seen from
the figure, ICI-induced high side-lobe levels in the delay-Doppler
domain significantly degrade the performance of the 2-D FFT algo-
rithm, while the proposed algorithm can suppress the ICI effect by
exploiting the signal structure within an APES beamforming frame-
work.

5. CONCLUSION
This paper addresses the parameter estimation problem for a MIMO-
OFDM radar in the presence of non-negligible ICI caused by high-
mobility targets. Based on an APES spatial filtering approach, a
novel delay-Doppler-angle estimation algorithm is proposed by re-
formulating radar sensing as a communication channel estimation
problem. Simulation results show that the proposed algorithm en-
ables high-accuracy multi-target parameter estimation under strong
ICI by separating individual target reflections in the angular domain.
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