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Abstract—By exploiting the reflective and refractive nature of
high-frequency (HF) radiowave propagation through the iono-
sphere or the conducting sea surface, over-the-horizon radar
(OTHR) systems perform wide-area surveillance at long range
well beyond the limit of the horizon of conventional line-of-sight
(LOS) radars. Improved characterizations of the targets can be
achieved by using multiple OTHRs operating simultaneously as
compared to a single OTHR operating alone. In this paper, we
consider concurrent operations of two OTHR systems that occupy
the same frequency band with different chirp waveforms. The
objective is to respond to the advanced wide-area surveillance
needs without reducing the wave repetitive frequency. For this
purpose, a new cross-radar interference cancellation technique is
developed and its effectiveness is verified through both analytical
and simulation results.

1. INTRODUCTION

VER-THE-HORIZON RADAR (OTHR) systems per-

form wide-area surveillance at long range well beyond
the limit of the horizon of conventional line-of-sight (LOS)
radars [1]-[3]. It can track aircraft more than 3000 km away and
over millions of square kilometers of open ocean [4]. Further,
OTHR permits more accurate landfalls of Hurricane landfall,
with more complete information about the size, shape, and
extent of the interface between storm and ambient airflow. In
coastal wave forecasts, OTHR can characterize the wave field
in the open ocean from which coastal forecasts are derived, so
as early evacuations of coastal areas.

With a single OTHR, information about the target range and
Doppler frequency in the slant range direction can be obtained.
However, such information does not uniquely determine the
movement of the targets. To respond to the needs for advanced
wide-area surveillance, we propose in this paper a concurrent
operation of two OTHR systems. The use of two OTHRs, posi-
tioned at different locations, not only extends the coverage for
enhanced surveillance, but also offers higher-dimensional infor-
mation of a moving target. This information is key in achieving
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Fig. 1. Illustration of concurrent operation of multiple OTHRs.

improved target classification and predictions of ballistic desti-
nations. Fig. 1 illustrates such a scenario. When only radar A is
operational, the range and Doppler information is estimated in
terms of (Tx A — target — Rx A). With radar B added to the op-
eration, information about the following combinations can also
be obtained: (Tx B —target — Rx B, Tx A —target—Rx B, Tx B —
target—Rx A). In a single-radar setting, the movement of a target
in the direction orthogonal to the slant path between radar A and
the target can only be detected when the target passes through
different cross-range bins. In a dual-radar system, on the other
hand, Doppler frequencies related to the aforementioned four
slant path combinations can be detected when radar B is also
employed as the transmitter or/and receiver.

A key limitation of HF radar is the tradeoff between the se-
lection of an appropriate operating frequency and the demand
for radar waveform bandwidth that is commensurate with the
radar range resolution requirements. While the operation band
of OTHR systems is nominally 3-30 MHz, the effective op-
erating frequency bandwidth available to a particular radar at
any given time is further limited due to propagation constraints.
The problem described above is further compounded when a
network of two or more radars is in use. Present operation of
multiple OTHR systems requires the reduction of wave repe-
tition frequency (WRF) or the division of the waveform band-
width. These conditions can be relaxed if effective mitigation
of cross-radar interference can be achieved [5]. In this case,
the same frequency band can be concurrently occupied by two
OTHR systems with different waveforms, leaving both the WRF
and bandwidth uncompromised.

In this paper, we consider linear frequency modulated (LFM)
waveforms with different frequency sweeping orientations.
In general, modern OTHRs use LFM pulses (for mono-static
radar designs) or linear frequency-modulated continuous-wave
(FM/CW) waveforms for bistatic designs (typical of the larger
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skywave radar cases). While discrete coded waveforms are used
in some radar systems, they are not the preferred signal mode
of operation in OTHR [5]. LFM (indeed almost any waveform
with continuous and differentiable phase law) is simpler to
generate at a desired level of fidelity than discrete waveforms.

Various signal processing methods have been considered for
the suppression of impulsive and transient interference signals
for enhanced OTHR performance (see for example [6]-[10]).
However, to our knowledge, signal detection and cross-radar
interference mitigation in a dual-radar OTHR system was not
considered until [5]. This paper develops a new cross-radar in-
terference cancellation approach which is similar but more ro-
bust compared to the approach in [5]. It is important to note
that the OTHR problem addressed here is quite different from
the multistatic adaptive radar reception and pulse compression
methods developed for other types of radar and synthetic aper-
ture radar (SAR) systems which apply beamforming for spatial
processing [11], [12]. In OTHR systems, beamforming is per-
formed primarily for the selection of cross-range bins and thus
the spatial selectivity may not be further utilized at subsequent
signal processing.

The rest part of this paper is organized as follows. Section II
introduces the signal model based on [13] for single-radar op-
eration. This model is extended in Section III to dual-radar op-
eration scenarios, and the effect of cross-radar interference is
discussed [5]. Section IV considers the suppression of cross-
radar interference, and a new cross-radar interference cancella-
tion method is developed. The performance of dual-radar sys-
tems as well as the cross-radar interference mitigation is ana-
lyzed in Section V. Simulation results using measured clutter
data and synthesized target signals are provided in Section VI.

II. SIGNAL MODEL

In this section, we review the signal model based on [13]
for the radar applications where the frequency band of interest
is solely occupied by a single OTHR system. An OTHR typi-
cally employs FM/CW signals consisting of a coherent series
of chirps to determine the target time-delay (slant range) and
Doppler information [14]. Each waveform is an LFM, or chirp,
signal of the form

it = {

where T, and f, = 1/7T, are, respectively, the waveform repe-
tition interval (WRI) and WREF, and B is the bandwidth of the
chirp. The transmitted radar signal, u(t), for the [th revisit con-
sists of a series of M LFM waveforms, i.e.,

exp (j7rBf,¢2) , 0<t< T,
0, otherwise

ey

M-1
u(t) = ag exp(jwot) Z vp(t —mT,. — 1))

m=0

(@)

where a is a complex scaler representing the transmitted signal
amplitude and phase, wy = 27 f is the radar operating fre-
quency, and ¢; is the time of the [th revisit. For M transmitted
waveforms, the signal duration, called the coherent integration
time (CIT), is 7. = MT,. In this paper, we only consider one
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revisit and, therefore, the index of [ is omitted thereafter, and
t; = 0 is assumed.

The received signal corresponding to a target s can be ex-
pressed as

us(t) = s exp [j(wo +ws) (t - %)]

X > <t— % —mTr> +n(t) 3)
m=0

where &, represents the radar return amplitude and phase, ps
is the phase path length corresponding to the phase delay, c is
the speed of light, w, is the Doppler frequency shift, d; is the
two-way slant (group) range, and 7)(¢) represents additive noise.
Note that, while the distances from target s to the radar trans-
mitter and receiver are different, this difference is negligible and
only its effect in the phase is considered.

In the process of dechirpping, the received signal is mixed
with a delayed version of the transmitted signal, i.e.,

w(t)

where superscript * denotes complex conjugate, and delay T
specifies the minimum delay or start range of the dwell illu-
mination region (DIR). Passing w(t) through a low pass filter
(LPF), which eliminates wy and 2wy components and only re-
tains the baseband component, results in the dechirped signal,

q(t), given by

= ug ()t (t — Tp) “

q(t) = Qs eXp(ijt)
M-—1

x 3 exp | -ienBfy) (%~ o) (- )]
Le)

where the constant phase and amplitude terms are lumped into
a5 and where £(t) is the low pass filtered noise.

Lett’ = t —mT,. The waveform is sampled at time intervals
t' = nT,, giving the discrete signal ¢[m, n] = ¢,,(nTs) as

(&)

q[m,n] = asexp(jwsmT;)
X exp{j |:ws - 27I'Bfr <d_cs - TO)} nTs} + fm,n (6)

which is the product of two complex sinusoids in pulse index
m and sample index n, combined with the additive noise &, ,,.
The phase changes over n within one pulse provide slant range
information while the phase changes over m from pulse to pulse
give Doppler information.

A two-dimensional (2-D) discrete Fourier transform (DFT) of
q[m, n] over the two variables m and n gives a complex range-
Doppler surface, Q[m’, n']. The N-point DFT over n within one
pulse gives the slant range distribution indexed by n’, whereas
the M -point DFT over m across waveforms gives the Doppler
frequency distribution indexed by m/. The slant range bin width
of Q[m’, n'] is equal to Ad = ¢/(2B), whereas the Doppler bin
width is equal to Aw = 27 /T, = 27 /(MT,). The maximum
unambiguous Doppler frequency is frmax = 1/(27.).

To reduce slant range and Doppler sidelobes in Q[m’,n],
slant range window W, is applied to ¢[m, n] over n and Doppler



116 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 1, NO. 1, JUNE 2007

window W,,, is applied to ¢[m, n] over m before performing the
respective DFTs. With the slant range and Doppler windowing,
the complex range-Doppler surface can be written as

Q[m',n'] = asDF Ty [W,, exp(jwsmT,.)]
-DFTx [Wn exp {] [ws

_27rBfr (d_cs - T0>:| nTS}:| + fm’,n’

where &,/ is additive noise in the complex range-Doppler
domain.

)

III. DUAL-RADAR OPERATION

Now we consider a concurrent operation of two radars which
are widely separated. Each radar transmits its own LFM wave-
form with the same WRF. The two radars are assumed to have
carrier frequency alignment and the difference between their
ionospheric propagation conditions is not considered. We use
the following prototype waveforms of the two radars (the sub-
scripts 1 and 2 represent radars A and B, respectively)

_ _ Jexp(jrBf.t?), 0<t<T,
vpa(t) = vp(t) = { 0, otherwise ®)
and
o _ exp(—jﬂBf,,t2), 0<t<T,
o(t) = t) = .
vp2(t) = vy (1) {0, otherwise. ©)
Then, the transmitted radar signals become
M—1
u;(t) = o, exp(jwot) Z vt —mT,), i=1,2.
m=0
(10)

The received signal from a target s at radar k(k = 1, 2) corre-
sponding to the signal transmitted from both radar transmitters
is expressed as

2
~ . Ps,ik
Us k(1) = Zas,i,k exp [J(wo + ws i k) (t - L)]
i=1

&
M-1 A
. Z Up,i <t — Q’T“k — mTT> —|—’I7k(t) (11
m=0

where & ; k,Ps.i k. and ds ; , represent the respective magni-
tude and phase, phase path delay, and two-way slant range for
target s with signal transmitted from radar ¢ and received by
radar k, and w, ; 1, is the Doppler frequency shift corresponding
to transmit radar ¢ and receive radar k. In addition, 7, (¢) denotes
the additive noise.

Without loss of generality, consider the receive signal at radar
A, i.e., k = 1. Then, the received signal can be expressed in the
following three terms

Us,1(t) = ws,1.1(8) + ws,2,1 () + 171 (¢) (12)

where the first two terms, respectively, represent the contributions
ofradar A andradar B. The received signal is then processed using
reception modes matched to both radar A and radar B.

At the reception mode matched to radar A, the following
equation is used to dechirp the signal:

wl(t) = usyl(t)u*{(t — Tg) = us7171(t)u*{(t - To)

+ u572,1(t)u’{ (t — T()) + nl(t)UT (t — T()) (13)

The first term of the right-hand side is the auto-correlated term
of radar A and is identical to (4) corresponding to the single-
radar mode. Therefore, the result of the LPF output, using the
new notations defined for the dual-radar scenario, is expressed
as

q1,1(t) = as1,1 exp(Jws,1,1t)
M-1

Y exp [—ijBfr <d5271 —T0> t’] . (14)

m=0

where t' = t — m/T,.. The second term is the cross-radar inter-
ference term, and its LPF output is expressed as

G2,1(t) = us2,1()ui(t — To)
= (5,2,1 €XP [j(wo + ws,2.1) (t - M)}

&
M-1
/ dS,Z,l
(-t
m=0 ¢
M-1
- g o exp(—jwot) Z v;yl(t' —T)
m=0

~ * . ¢s,2,1
= (5,210 2 €XP _JWOT

i (6= 222)|
Y exp {—ijfr
+ (' - TO)Z} }

= o 2,1 exp(jws,2,1t)
M-1

> exp {—ﬂwar [(t’)“’

m=0

-(tzen)])

where o 5 1 includes the constant phase and amplitudes terms.
Similar to the single-radar case, we sample the signal ¢4 1 (¢) and
q1,2(t) att’ = nT, and the results are denoted as ¢1 1[m, n] and
g2,1[m, n], respectively. Then, the 2-D DFT results of ¢, 1[m, n]
and ¢ 1[m, n| are expressed, respectively, as

t/ _ ds,2,1 2
C

5)

Q11[m',n'] = a5 1 1 DF Ty [W,, exp(jws 1,1mT)]

. DFTN {Wn exp |:J <Ws,1,1

—2rBf, <ds,01,1 - To>> nTs} }

(16)
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and
Q2,1[m’,n'] = 521 DFT 3 [Wy, exp(jws 2,1mT})]

-DFTxN {Wn exp [—ijBfr(nTS)z

) ds.2,
+7 <ws,2,1 +2nBf, < ’02’1 + To)) nTS} } .

a7

Both components, in addition to the noise, contribute to the
complex range-Doppler surface. The signal transmitted from
radar A is the auto-radar response at the radar A reception mode
and is localized in both range and Doppler domains. On the other
hand, the cross-radar interference only maintains the Doppler
information with respect to slow time 7.. In this case, its range-
domain response is a chirp signal with respect to the fast time
T and the chirp rate is twice that of the transmitted signal. That
is, the cross-radar interference keeps the Doppler information
whereas the range profile information is lost.

Combining Q1 1[m’, n’] and Q2 1[m’, n] as well as noise re-
sults in

Q1[m’,n'] = Qra[m/,n']+ Qua[m/ 0]+ &[m/,n']. (18)

In addition to the ordinary operation mode matched to radar
A’s waveform, radar A can also process the received data using
radar B’s waveform for dechirping. Due to symmetry, the com-
plex range-Doppler surfaces corresponding to the Radar B re-
ception mode can be readily written as

Qulm’,n'] = Qua[m/, 0] + Qa1 [m/ 0] + &[m', '] (19)
where

Qra[m/,n'] = a1 1DFTar[W,, exp(jws 1 1mT})]

-DFTx {Wn exp [jsz fr(nT,)?

+_7 <ws,1,1 - 27rBf’I’

(£ n))

and
Q2,1 [m/,n'] = a5 21 DFT 0 [Win exp(jws 2.1mT;)]

-DFTxN {Wn exp [j (ws,z,l

+21Bf, (dsfl - T0>) nTS} } . 2D

In this case, the signal transmitted from radar B is the auto-radar
response and is localized in both range and Doppler domains.
The signal transmitted from radar A becomes cross-radar inter-
ference which is localized only in the Doppler domain.

(20)

IV. CROSS-RADAR INTERFERENCE CANCELLATION

As demonstrated in the previous discussion, when both radars
are operational, a target will return both radar signals, resulting
in a received signal with the desirable signal superimposed a
cross-radar interference. In this section, we consider the cancel-
lation of such interference.
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A. Technical Challenges

The interference cancellation process resembles that in the
multiuser CDMA communications where dispersive channels
are involved [15]-[17]. In the underlying scenario, the chirp
signal waveforms act as the spreading codes. However, there
are significant differences between the problem at hand and
the multiuser CDMA problems. These differences, which pre-
vent the multiuser detection methods to be directly applicable
to cross-radar interference cancellation, are summarized as
follows.

1) The primary purpose of a CDMA communication system is
to deliver information over a multiuser channel. The system
is usually designed such that the channels are quasi-sta-
tionary, i.e., the channel variation over a certain period is
negligible. Therefore, interference cancellation as well as
the information detection can be performed within each
symbol or over the coherent time of the channels. Usually,
processing of a longer period improves the performance, at
the expense of higher computational costs. Channel coding
is also commonly used to provide additional protection
against channel distortion. In the OTHR problems, the
information of interest is included in the characteristics of
the time-varying channels (clutter and target), whereas the
transmit waveform itself does not bear any information.
As a result, problems may arise in suppressing cross-radar
interference in both single- or multi-waveform period ap-
proaches. Processing interference cancellation individually
for each waveform may differently alter the phase informa-
tion and result in wrong Doppler information or Doppler
aliasing. On the other hand, joint processing over multiple
waveforms requires separate considerations of the clutter
and target echo signals because their phase variations due
to the Doppler effect differ from each other.

2) In CDMA multiuser detection problems, the aim is to suf-
ficiently reduce the multiuser interference for correct infor-
mation detection. In the underlying OTHR applications, the
signal-to-clutter ratio is very low and a moderate level of
interference cancellation is not necessarily sufficient to im-
prove the visibility of the echo signals from moving targets.

3) In CDMA systems, there is redundancy in the signal
bandwidth for each user due to spectrum spreading, and
the channel order is often limited. Therefore, orthogonal
or quasi-orthogonal waveform design for different users
is possible. OTHR radar systems, on the other hand, are
design to fully utilize the time-frequency resource to obtain
the information in the joint range-Doppler domain, and the
target may appear in any range cell. As a result, orthogonal
waveform design over the entire range cells is impractical.
As we discussed in Section I, LFM waveforms are often
preferred in OTHR systems. Thus, the reduction of the auto-
and cross-correlation between the signals for different users
and corresponding to different time lags is limited.

The first two issues can be resolved by converting the slow
time into the Doppler frequency domain. In doing so, weak sig-
nals corresponding to moving targets are separated from strong
stationary clutter, which is typically concentrated in low fre-
quencies. In the frequency domain, as we discussed above, the
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time-varying channels corresponding to moving targets become
stationary Doppler. In addition, in the Doppler frequency bins
where a moving target is positioned, the target signals often have
a higher power than that of clutter, making the target detection
possible.

For the third issue, we take advantage of the sparseness of
the target signals and consider iterative interference cancellation
in this paper. The detailed techniques are presented in the next
subsection.

B. Interference Cancellation

For convenience of representation and matrix operation, we
rewrite (16) as

Qia[m' 7]
=11 (Ev WaFie, )
- (£ W - diag (v}) - Viey, , ,)
= 051,1 (fm’WMF*Mfla,l,l)

- (£, - diag (VI) . WNVTez,,,l_l) (22)

where Fps (or F ) denotes the M x M (or N x N) Fourier
transform matrix, f,,, (or f,,/) denotes the m/th (or n’th) row of
Fyr (orFy), Wy (or Wy)isan M x M (or N x N) diagonal
matrix with proper window coefficients as its diagonal elements,
diag(vy) is a diagonal matrix with

» vp,i[N = 1]]

Vi = [’UPJ'[O]v Up,i[1]7 T (23)

as its diagonal elements, where v, ;[n] = v, ;(nT;). In addition

Vp,i[0] p,i[1] Upi[N = 2] vpi[N —1]
V= Up,i[N — 1] vp,[0] Up,i[N = 3] vpi[N — 2]
vpilll  vpil2] vpilN =11 0p[0]
1=1,2, (24)

and ¢; and e; are, respectively, M x 1 and 2N x 1 vectors with all
zeros except a unit value at the /th element. For a target whose
Doppler radian frequency with respect to radar A is w, 1,1 and
its range is d 1,1, we have

M
lajg = —ws111r+1

25
o (25)
and
ds11 Nwsll
X =Nf. |22 -Ty) - —22—+1
Iy f( . 0> or B +
(26)

Typically, the contribution of w, ;1 to the short-time frequency
shiftis negligible, and I ; ; is primarily determined by the range
d, 1,1 relative to the reference time 7p.

Stacking Q1 1[m’,n'] for the N range cellsn’ = 0,..., N —
1, we obtain

Q1,1[m', 0] + Q2,1[m’, 0]
q171[ml] — -
Qia[m/,N = 1] + Qa21[m/, N — 1]
= as1,1(fn Wy Fye, , )

- (Fy - diag(v]) - WnViey, ) - (27)

Note that, in practice, the received signal is often oversampled
(i.e., N > BT,) to achieve an enhanced range resolution. In
this case, the N frequency bins of F are chosen to span the
signal bandwidth [— B /2, B/2], rather than the entire viewable
bandwidth [—1/2Ts,1/2T;]. Thus, we can rewrite the above
expression as

qi1[m’] = a1 (£ W Fie, )

(ViIWyVie,, ). (28)
Note that, while we used the same notation gy 1[m’] in both
(27) and (28), the results in these two equations differ in their
phase. Nevertheless, for simplicity, no distinctions are made be-
tween the two variables, as only their respective amplitudes af-
fect target detection.

In general, [, 1,1 and [, 1,1 do not necessarily take integer
values, resulting in smeared representations over multiple
neighboring range bins. Furthermore, in practice, clutter arises
due to a collection of reflection and scattering from earth or
ocean surfaces. When multiple targets exist, the reflected signal
may arrive through a single or multiple paths. Therefore, we
generalize the two vectors €, , , and ey, , , into arbitrary M x 1
vectorhg 1 and NV x 1 vector hy i1, réspectively, to represent
the collective contributions from targets and clutters. Similarly,
we denote h, 21 and hy 5 1 as the contribution corresponding
to signal transmitted from radar B. Notice that the clutter energy
is highly localized in very low Doppler frequencies and cannot
be resolved in the range domain, whereas the target energy
typically positions away from the zero Doppler frequencies and
is localized in range.

Rewriting (28) by using h, 1,1 and hy 11, and deriving
az,1[m’], q1,2[m’], and Q2 2[m'] corresponding to (17), (20),
and (21), respectively, we have

qi1[m'] = as11(En Wy Fihe11)

(VEWnNVihy 1) (29)
qz2,1[m'] = s 21 (£ Wy Fihg o 1)

(VIWNViohy ) (30)
Qia[m'] = as11(EWayFihe11)

- (VEWnNVihy 1) (31)
az,1[m'] = as 21 (En WaFprer, )

- (VEWNVohy01) . (32)

Therefore, at the m’th Doppler frequency bin, these vectors can
be combined to form a 2NV x 1 vector, expressed as

n_ lauam'] + q21[m’]
afm] = [511.,1[771'] + qa,1[m’]

_[VvE

= |vi

" [hb,l,las,l,lfmwl\lF*J\Iha,l,l:|
hy210s2 15, WyF yhg o1

ot [VH
def {V},} Wx[V: V] [
2

] Wy[V1 Vy]

1:11;,1,1[m']

hb,2,1 [m']

} . (33)
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The upper N elements of q;[m’] represents the auto-radar
responses in the range-Doppler domain, whereas the lower
N elements denotes the cross-radar interference. In the above
equation, o, 1,15, WarFyhe 11 and a0 15, W Fyhe o1
are two complex scalars representing the overall strength
in Doppler frequency bin m’. They are multiplied by
vectors hbJJ 1 and h§,271, respectively, to form a vector
hyy = [hf, [m],hi, [m]]T of 2N unknown (depen-
dent) elements depicting the contribution from targets and
scatterers in the N range cells, corresponding to the signals
transmitted from radar A (auto-radar reception mode) and
radar B (cross-radar reception mode). Our goal in this section
is to eliminate the cross-radar interference without compro-
mising the auto-radar responses. The return signals due to radar
A and radar B cannot be directly separated because matrix
V = [Vy, V3] involved in the above expression is a wide ma-
trix. In other words, although we have 2N observations (q1 [m/]
obtained using both radar A and radar B reception modes)
and the aforementioned 2N unknowns, the problem cannot be
directly solved as the observation vector is rank deficient.

Below, we employ iterative interference cancellation method
to take advantage of the fact that the signals of interest which
arise from moving targets are typically sparse in range. We first
compute the 2N x 2N matrix

Qi = VEW,LNVLy = VEW,LV (34)
i.e., a collection of the response of q; corresponding to
all 2NV possible impulse values of hy ;1 or hy o being
e;,i =1,--- 2N, where Is is the 2N x 2N identity matrix.
Note that the above result is independent of m’. Also, we
compute q; [m’] based on (33) form’ =0,---, M — 1.

For each frequency bin index m/, the following steps are
performed in each iteration. The concept behind the iterative
cross-radar interference cancellation is similar to the CLEAN
techniques [18]-[20].

1) Find the maximum value ¢ [m'] = [qgl) [m/]]nre

where n'* is the position of the maximum value. We use (!

to identify the [th iteration and define qgl) [m] def qi[m'].

Thus, it can be considered that there is a point source at
the n'*th range cell.

2) Compute the cross-radar interference-free Doppler-range
response corresponding to the point source at the n'*th
range cell as

1,max

O]

~ (A * ~ * l ~ %
arV [ - aff [’ ]-q§>[n}']/|q1[n' IE
A(l) ! 0 < n * < N _ 1
ar’[m'1=9 By pr o <N -
1 &P - qlt o] - o ') o) 2
N <n*<2N -1
(35)
where
a1[n*] = Qien- = VEWy Ve, (36)

is the n’*th column of Q1 , qu) [n"*] (or qu) [n"*]) equals
to g1 [n'*] with the second N elements (or the first NV ele-
ment) set to zero.
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3) Remove the cross-radar interference-contaminated
Doppler-range response corresponding to the point
source at the n'*th range cell from the residual response
by updating the residual response as

a{ Vi1 =a{"[m] - & [)af "l [m)/lan ]
(37)

The number of iterations can be either prefixed or adaptively
determined by the level of the peak residual energy. The signal
waveform after L iterations of cross-radar interference mitiga-
tion is obtained as qu'H) [m] + Zszl qgl)[m’].

V. PERFORMANCE ANALYSIS

To analyze the performance of the dual-radar system as well
as the effectiveness of cross-radar interference reduction, we
consider a frequency bin m’ at which a point target is positioned
corresponding to the waveform of radar A and thus generate
cross-radar interference when it is received to match the wave-
form of radar B. Due to the symmetry, only the performance at
radar A is considered. We assume that a target is located at the
kth range cell and its return signal due to radar A’s transmitted
waveforms falls at the m’th Doppler frequency bin.

We start with (33) and express the channel model as

hy1 = aep + 21 (38)
where «ej, represents a localized target in the kth range cell,
and z; = [z],,23,]" is the external noise vector. Note that
index m’ is omitted in this section for the simplicity of expres-
sion, because only frequency bin m’ is considered in this sec-
tion. The internal thermal noise is typically of much less impact
compared to clutter and its contribution is neglected in the anal-
ysis. We are most interested in the Doppler frequencies that are
not very low, thus it is justified to assume that the elements of
z1 are independent and identically distributed (i.i.d.) complex
Gaussian random variables with zero mean and joint variance
matrix 02Ty . Note that 02 depends on Doppler bin index m/.

Without loss of generality, we assume that v; is normalized to
have a unit norm, i.e., Vi|2 = VfIvi = 1fori = 1,2. As each
elements of v; is of constant magnitude, we have [v;]}[vi]r =
1/N. For the convenience of understanding to the performance,
some numerical results are provided for the radar system set-
ting illustrated in Table I. From these parameters, the number of
sweeps is M = T, f. = 256 and the number of range cells is
N = f;/f- = 400.

A. Single Radar Operation

As the baseline, we first consider the situation where only a
single radar (i.e., radar A) is operated. In this case, the received
signal is expressed as

flgﬁ) = aegcA) + 21,1 39
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denotes an N x 1 vector consisting of the first NV

elements of fl(hl and, similarly, egcA) denotes an N x 1 vector

consisting of the first IV elements of ey,. In this case, we obtain

where fll()ﬁ)

Q1 =q11 = V{{WNVlfliﬁ)

= VfIWNVl [ae,(cA) + Z1,1i| . (40)
For range cells that are separated from the kth range cell by more
than the mainlobe width, the effect of target signal is small, par-
ticularly when a proper window is used. Thus, we only consider
the signal component at the kth range cell which is expressed as
T

[qﬂ =a [egA)] VEIWNVie® = ady  @l)
where Ay = (1/N) Zfil diag[W y] is the average value of
the window coefficients of W pr. The noise component in (40)
is

a? = VEW V2., 42)
which has a zero mean and covariance matrix
var [qu):| =F [V{{WNV1Z1_’1Z{{1V{IWNV1]
=02 [VIWNV I VIWNV,] (43)

where E[-] denotes statistical expectation. The n’th diag-
onal elements of the above covariance matrix, denoted as
varla{lw w = GHVIWNVIVIWN VY] = 02,
represents the noise auto-variance at each range cell whose
values depends on the sampling rate, signal bandwidth, and the
selected window.

Therefore, the signal-to-noise ratio (SNR), evaluated at the
range-Doppler result g1, is obtained as

|04|2A%v.

2
Yoz

SNRsingle = (44)

For the parameters listed in Table I, the auto-variance o>
is about 2.503 (without window) and 0.9403 (with Han-
ning window), yielding SNR values of (SNRg — 4) dB or
(SNRy — 5.7) dB, respectively, without and with the window,
where SNRg = 101log;,(|a|?/o?) dB.

B. Dual-Radar Operation

Now we consider the situation where two radars concurrently
transmit signals. For simplicity and without loss of generality,
we assume that only the signal transmitted from radar A gen-
erate target return at the m’th Doppler frequency bin. Due to
the linearity of radar system response, it is straightforward to
extend the results to multiple targets or the situation where the
return signals arisen from both radar A and radar B have the
same Doppler frequency.

In the assumed situation, we have

i = VEWNVh,; = VEWNV]a e, + 2] (45)

TABLE 1
RADAR SYSTEM PARAMETERS

Parameter Value (Unit)
Carrier frequency (f) 13.957 MHz
Signal bandwidth (B) 8 KHz
Waveform repetition frequency (f) 50 Hz
Sampling frequency (fs) 20 KHz
Coherent integration time (T) 5.12  sec

It is obvious that the signal component [qgs)

as (41). The noise vector

]; remains the same

q\? = VEW 4 Vz,
= VHWNV1Z171 + VHWNV2Z2,1 (46)

has a zero mean, and its covariance matrix is obtained as

var[qu)] = E [VEIWNVzz{ VEW V]
+ o2 [VEWy (ViVE + VoV Wy V]
=202 [VIWNV VWL V]. (47)

That is, a 3 dB clutter enhancement is introduced because of the
dual radar operations. As a result, the SNR becomes

|04|2A%V.

SNRyual =
dual 2’}/0'7?

(43)

In addition, the concurrent use of two radars causes cross-
radar interference. When radar A processes the received signal
with radar B mode, the cross-radar interference becomes

qY’) = L(B)qg“’) =a VEW Ve,

= aVEW Vel (49)

where L(P) =[O, Ix] with O v denoting the N x N zero ma-
trix. As we discussed earlier, the cross-radar interference spans
the entire range cells, and its power averaged over the IV range
cells is obtained as

V'

2
i (0%
~ |4t @) = L ey v VW Ve

N
_a?
=15 (50)

Therefore, the resulting average signal-to-interference ratio
(SIR) is

N A2,
Y

SIRdual = (51)

which, for the parameters given in Table I, is about 22 dB
without a window or 20.3 dB with the Hanning window.
C. Performance of Interference Cancellation

Consider one iteration of the interference cancellation process.
We obtain the final result as the sum of two components,
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) (2)

and q;’, expressed as

A (1
4

(2)

a” + ol = aqr —aulk] - @ k] - an/lau k]2

+a k] - @l (k] an/lau [k
=a — &[] &7k - ai/lalk]) (52)

Evidently, the interference cancellation process does not change
the result corresponding to the radar A mode, thus the SNR in
the auto-radar reception mode remains unchanged, i.e.,

|2 AZ,

2
z

SNRcancol =

2vo (53)

On the other hand, we can show that the cross-radar inter-
ference due to the target return is totally eliminated. At the
cross-radar reception mode, we have

L[4 + o v
=LPq LGP k] - aff (k]
-aVEW y Ve, /|q: K]
= aVIW Ve,
aV%IWNVeke,IC{VHWNVVHWNVek
el VAW NVVEW \ Ve,

=0. (54

The residual undesired signal components after cross-radar in-
terference cancellation are made up of the original noise and the
residual error due to the erroneous estimation of q; at the kth
range cell. They are given by

(2)

ql,cancel
=1 [gf" + of”]
=LPq? ~ LGP k] -
VW N Vz /|qu k]2
=LBVIW,LNVz,
_ V;‘[WNVekekHVHWNVVHWszl
el VEW N VVEW \ Ve,
=LBVIW,NVz,
1
- 2—V§’ Wy Verel [VIW N V22
v

(2)

(55)

where A2 = AA. Consider the fact that the noise variance
before the interference cancellation is the same for both radar
reception modes and over all range cells. The operation in the
second term of the above equation is a projection of random
noise components to a structured vector of unit norm. The power
of this term (i.e., the residual error) is much smaller than that of
the first term at the right-hand side (i.e., the original noise). That
is, the additional noise introduced by the cross-radar interfer-
ence cancellation process is insignificant. For example, for the
parameters provided in Table I, the average power difference be-
tween these two terms is 17.6 dB, and the difference becomes
about 19 dB when a Hanning window is applied.
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In practice, there is no need to distinguish the two terms in
the above equation. We can express the output signal-to-interfer-
ence-plus-noise ratio (SINR) at the cross-radar reception mode
as

|O‘|2A%V

(2)
var [ql,canceli|

~ |O‘|2A%’V

SINRcancol = 270_2

(56)

We point out that the actual level of residual error may be higher
due to several reasons, primarily the incomplete cancellation
of cross-range interference when the target return energy at the
auto-radar reception mode is smeared or distributed in the range-
Doppler domain.

VI. SIMULATION RESULTS

We have conducted simulations using measured clutter data.
A synthetic test target has been injected into the received time
series to provide a reference for the assessment of the perfor-
mance in target SNR depending on processing options. Key pa-
rameters of the radar system are shown in Table I, where the
data consists of a 256-sweep duration. The Doppler frequency
corresponding to the Tx A — target — Rx A path is 10 Hz, and
that corresponding to the Tx B — target — Rx A path is 14 Hz.
The propagation delay of both paths relative to the reference
time is 8 ms. For the convenience of visualizing the effect of
cross-radar interference and assessing the effectiveness of inter-
ference cancellation, the strength of the synthesized target is set
to be relatively high. The SNR and SIR results are assessed for
the Tx A — target — Rx A path at the 10 Hz Doppler frequency
bin. Background noise power is obtained when no target returns
are injected.

When the two radar systems concurrently transmit, the
time-frequency signature is the superposition of the results of
the two radar systems, as depicted in Fig. 2(a) using short-time
Fourier transform (STFT), where appropriate windows are
applied. Fig. 2(b) and (c) are the corresponding range-Doppler
maps with the receiver matching the signal transmitted from
radar A and radar B, respectively. It is evident that cross-radar
interference maintains the Doppler frequency information
whereas the fast-time (range) information is missing and the
cross-radar interference spreads over the entire fast-time width
(range). As a result, it is seen that, while cross-radar interfer-
ence exists, the range and Doppler of the target can be clearly
identified in this case. The average SNR (the ratio between the
signal power and the average noise power over all range cells)
is 36.7 dB, and the SNR evaluated at the target range cell is
40.3 dB. The SIR is 20.2 dB, which is very close to the analytic
result.

Fig. 3 shows the range-Doppler maps as a result of five it-
erations of cross-radar interference cancellation. In this plot,
the average SNR and the cell SNR in the auto-radar reception
mode remain at the same values of 36.7 dB and 40.3 dB, respec-
tively. In the cross-radar reception mode, the average SINR is
also 36.7 dB, and the average power of the residual error due to
cross-radar interference is 7.5 dB lower than that of the original
noise. This confirms that substantial interference mitigation has
been achieved without compromising the target signal.
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Fig.2. Dual radar operation results without interference cancellation. (a) Time-
frequency signature of the received signal, (b) Range-Doppler map matched to
radar A’s waveform, and (c) Range-Doppler map matched to radar B’ waveform.
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VII. CONCLUSION

We have considered a concurrent operation of two OTHR
systems for improved estimation of target maneuvering. A new
method for cross-radar interference mitigation was developed
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Fig. 3. Range-Doppler maps with interference cancellation. (a) Matched to
radar A’s waveform and (b) matched to radar B’s waveform.

and its performance was analyzed. The usefulness of the pro-
posed method was demonstrated by using measured clutter data
and a synthetic test target. It was shown that applying cross-
radar interference cancellation techniques, such as those pre-
sented in this paper, can substantially suppress cross-radar inter-
ference without compromising the auto-radar responses, leading
to enhanced target detection and characterization.
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