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Abstract—Compared with the monostatic radar which only
performs signal fusion in the multi-pulse dimension, the bistatic
multiple-input multiple-output (MIMO) radar can also fuse
multi-channel signals to improve the detection ability of high-
speed moving targets. However, how to tackle the range migration
(RM) caused by high-speed motion and compensate the signal
difference between channels are the key problems in bistatic
MIMO radar. To solve these problems, this paper proposes a
computationally efficient multi-channel multi-pulse fusion algo-
rithm. Firstly, we establish the echo model of bistatic MIMO
radar with high-speed moving targets and utilize the Radon
Fourier transform (RFT) algorithm to overcome the RM and
complete the multi-pulse fusion. Then, the output characteristics
of RFT, including peak and phase differences, are analyzed in
detail. On this basis, a multi-channel coherent fusion method
based on geometric information is proposed, which can eliminate
the phase differences among channels and complete coherent
fusion. Finally, numerical experiments show that the proposed
algorithm can effectively detect the target under a low signal-
to-noise ratio (SNR). Compared with the existing methods, the
proposed algorithm can achieve a balance between computational
complexity and detection performance.

Index Terms—Bistatic multiple-input multiple-output (MIMO)
radar, coherent fusion, range migration (RM), Radon Fourier
transform (RFT).

I. INTRODUCTION

With the advancement of stealth technology and aeronautics,

an increasing number of high-speed, low-reflection targets,

such as near-space vehicles and supersonic missiles, have

emerged in recent years. The range migration (RM) [1]–[5]

induced by the high-speed motion and low signal-to-noise

ratio (SNR) resulted from low-reflection is challenging for

target detection. As a novel radar paradigm, bistatic multiple-

input multiple-output (MIMO) radar can improve the detection

ability of such targets by transmitting orthogonal waveforms to

conduct multi-channel signal fusion [6]–[9]. However, in order
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to enhance the detection performance of the high-speed low-

reflection targets, the crucial issues are how to eliminate the

RM and design an effective multi-channel fusion algorithm.

Many scholars have conducted excellent related research on

the RM. Kong et al. [10] and Carlson et al. [11] introduced

Radon transform (RT) and Hough transform (HT) methods to

fuse the energy of each pulse in coherent processing interval

(CPI), respectively. However, these two methods belong to

incoherent fusion and do not use the phase information among

pulses. The Keystone transform (KT) algorithm proposed by

Perry et al. [12], [13] corrected the RM by transforming

the slow time scale, but the algorithm requires interpolation

operations, which often leads to gain loss. Xu et al. [14]

proposed Radon Fourier transform (RFT), which extracts the

target trajectory through Radon transform and constructs the

corresponding Doppler filter bank. Further, the RFT could

obtain the distinguished fusion gain.

To address the multi-channel signal fusion problem for

bistatic MIMO radar, a fusion method with known target

information is proposed in [15]. Nevertheless, it assumes

that the target distance and velocity information are known,

so the difference between channels can be compensated. In

the case of unknown target information, Wang et al. [16]

introduced a non-coherent fusion algorithm based on Cuckoo

search, but it did not consider the RM problem caused by

high-speed targets and ignored the phase relationship between

channels, resulting in a loss of fusion performance. In addition,

literature [17] has studied a high-speed target coherent fusion

detection method. However, the algorithm jointly searches four

dimensions, leading to a large amount of calculation and poor

real-time performance. Therefore, how to efficiently realize

high-speed target detection with bistatic MIMO is an urgent

problem to be solved.

In this paper, we propose a multi-channel multi-pulse co-

herent fusion algorithm based on bistatic MIMO geometric

information, which utilizes three search parameters and re-

alizes the detection of high-speed targets under low SNR.

Firstly, the echo model of the high-speed target observed by

the bistatic MIMO radar system is established, and the RFT

algorithm is used to complete the multi-pulse fusion. Then, the



output characteristics of the RFT are analyzed. On this basis,

a multi-channel coherent fusion approach based on geometric

information is proposed. Numerical experiments present that

the proposed algorithm is computationally effective compared

with the existing methods.

II. SIGNAL MODEL

This section provides the high-speed target’s geometry

model, transmitted signal, and received echo models for the

bistatic coherent MIMO radar system.

A. Geometric Model

Fig. 1 depicts the bistatic short-baseline coherent MIMO

radar system model. The radar system observes a far-field

target, where d represents the distance between nodes. ρtm
and ρrn are the radial distances between the target and the

transmitted radar node m(m = 1, 2) and the received radar

node n(n = 1, 2), respectively. The target travels at a constant

speed of υ in a horizontal direction, and the radial velocity of

radar node m is υm. The angle between node 1, node 2 and

the target is ψ, and φ represents the observation angle of radar

node 1. The instantaneous radial distance between the target

and the radar nodes can be expressed as

{

ρtm (tq) = ρtm(0) + υmtq
ρrn (tq) = ρrn(0) + υntq

(1)

where ρtm(0) = ρm and ρrn(0) = ρn denote, respectively, the

radial distance between the target and the transmitted node m
and the received node n at the initial time, tq denotes the slow

time, and Q indicates the number of pulses within the CPI. The

instantaneous radial distance in the (mt-nr) (m-th transmitted

node and n-th received node) channel can be represented as

ρn,m (tq) = ρtm (tq) + ρrn (tq) = ρn,m + υn,mtq (2)

where ρn,m = ρm + ρn denotes the equivalent initial radial

distance, whereas υn,m = υn + υm indicates the equivalent

radial velocity along the (mt-nr) channel.

B. Transmitted Signal Model

Each node utilizes orthogonal frequency division

multiplexing-linear frequency modulation waveform (OFDM-

LFM) and the signal transmitted by the m-th node is

sm(t) =
√
E rect

(

t

Tp

)

exp

(

j2π

(

fc + (n− 1)∆f

+0.5µt

)

t

)

(3)

where t represents the fast time, E represents the transmitted

energy, ∆f represents the step frequency of the transmitted

signal, µ = B/Tp represents the modulation slope, B stands

for the LFM signal bandwidth, Tp denotes the pulse width and

fc denotes the carrier frequency, respectively.
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Fig. 1. Bistatic MIMO planar geometric model

C. Received Echo Model

Disregarding noise and clutter, the coupled echo received

by the n-th node at the q-th pulse time can be represented as

ϑ̃n (t, tq) =

2
∑

m=1

ϑ̃n,m (t, tq) =

2
∑

m=1

sm

(

t−
ρn,m (tq)

c

)

(4)

where c denotes the speed of light. After down-conversion

processing and utilize the matched filter hm(t) = s∗m(−t)
for matching and separating the n-th node’s received coupled

echo, after separation the echo of (mt-nr) channel can be

obtained

ϑn,m (t, tq) =

∫

∞

−∞

ϑ̃n (ξ, tq)hm(t− ξ) exp(−j2πfct)dξ

= E sin c

(

B

(

t−
ρn,m (tq)

c

))

exp

(

−j2πfm
ρn,m (tq)

c

)

(5)

where sin c(·) = sin(πx)/(πx) denotes the sinc function and

fm = fc + (m − 1)∆f denotes the m-th node transmitted

frequency. Substituting ρ = cτ into (5) yields

ϑn,m (ρ, tq) = E sin c

(

ρ− ρn,m (tq)

2∆ρ

)

× exp

(

−j2π
υn,mtq
λ

)

exp
(

−j2πfm
ρn,m
c

)

(6)

where ∆ρ = c/2B represents the distance resolution, whereas

λ = c/fc represents the wavelength of the original carrier fre-

quency. When the step frequency ∆f is significantly less than

the carrier frequency fc, then λ = c/ (fc + (m− 1)∆f) ≈
c/fc and the impact of the step frequency can be disregarded.

III. MULTI-PULSE FUSION

In this section, we use the RFT method to achieve multi-

pulse fusion. In addition, the output characteristics of each

channel fusion results are analyzed.

A. Multi-pulse Fusion based on RFT

Due to the negative impact of RM on the MTD’s coher-

ent performance, we utilize the RFT algorithm to aggregate



the energy of each pulse within CPI. The search param-

eters for range and speed in the RFT are represented as

[−ρmax, ρmax] and [−υmax, υmax], respectively. The RFT

searching unit for range and speed are indicated as ∆ρ =
c/(2fs) and ∆υ = λ/(2QTr), respectively. The RFT search-

ing number of range and speed are, respectively, denoted

as Nρ =round(2ρmax/∆ρ), Nυ =round(2υmax/∆υ), where

round(·) represents rounding. The discrete sequences used for

searching distance and speed are as follows:

ρs(α) = −ρmax + α∆ρ, α = 1, 2, . . . , Nρ (7a)

υs(β) = −υmax + β∆υ, β = 1, 2, . . . , Nυ (7b)

The fusion output of (mt-nr) channel can be acquired by

the RFT search

Ωn,m

(

ρs(α), υs(β)
)

=

Q
∑

q=1

E sin c

(

ρs(α)− ρs(α
∗

n,m)

2∆ρ
+
υs(β)− υs(β

∗

n,m)

2∆ρ
tq

)

× exp

(

−j2π
υs(β)− υs(β

∗

n,m)

λ
tq

)

exp

(

−j2πfm
ρs(α

∗

n,m)

c

)

(8)

where ρs(α
∗

n,m) = ρn + ρm, υs(β
∗

n,m) = υn + υm. Fur-

thermore, if the RFT search parameters align with the target

equivalent motion parameters, (8) can be approximately recast

as

Ωn,m (ρs(α), υs(β))

≈ QE sin c

(

ρs(α)− ρs(α
∗

n,m)

2∆ρ
+
vs(β)− vs(β

∗

n,m)

2∆ρ
tq

)

× sin c

(

vs(β)− vs(β
∗

n,m)

λ

)

exp

(

−j2πfm
ρs(α

∗

n,m)

c

)

(9)

B. Output Characteristics

This section focuses on analyzing the RFT output prop-

erties of each channel, such as peak position and peak

phase. According to (8), we can obtain the four channels

output Ω1,1,Ω1,2,Ω2,1 and Ω2,2. The four RFT outputs’ peak

locations in the range dimension could be represented as

ρs(α
∗

1,1) = ρ1 + ρ1, ρs(α
∗

2,1) = ρ1 + ρ2, ρs(α
∗

1,2) = ρ2 + ρ1
and ρs(α

∗

2,2) = ρ2+ ρ2 , i.e. the peak position of the distance

dimension is determined by the initial radial distance ρ1 and

ρ2.

In the velocity dimension, the peak locations of the RFT

outputs for the four channels could be written as vs(β
∗

1,1) =
υ1+υ1, vs(β

∗

2,1) = υ1+υ2, vs(β
∗

1,2) = υ2+υ1 and vs(β
∗

2,2) =
υ2 + υ2, i.e. the peak position of the velocity dimension is

determined by the target radial velocity υ1 and υ2. According

to the four channels output, the peak phase can be obtained

p1,1 = exp
(

−j2πf1 · ρs(α
∗

1,1)/c
)

(10a)

p2,1 = exp
(

−j2πf1 · ρs(α
∗

2,1)/c
)

(10b)

p1,2 = exp
(

−j2πf2 · ρs(α
∗

1,2)/c
)

(10c)

p2,2 = exp
(

−j2πf2 · ρs(α
∗

2,2)/c
)

(10d)

substitute the peak locations in the range dimension into (10),

we find the peak phase is related to the target initial radial

distance ρ1 and ρ2.

Through the above analysis, we find that the output charac-

teristics of RFT are determined by ρ1, ρ2, υ1 and υ2. Can we

use fewer parameters to express the output characteristics dis-

cussed? According to Fig. 1, there are the following geometric

relationships

φ = arccos
(

(ρ21 − ρ22 + d2)/(2ρ1d)
)

(11a)

ψ = arccos
(

(ρ21 + ρ22 − d2)/(2ρ1ρ2)
)

(11b)

υ2 = υ1 cos(π − φ− ψ)/ cosφ (11c)

after some algebra, yields

ρ2 = fρ (ρ1, φ) =
√

ρ21 + d2 − 2dρ1φ (12)

υ2 = fυ (ρ1, φ, υ1) = υ1
cos

(

φ+ cos−1
(

ρ1−dφ
ρ2

))

cosφ
(13)

then the four RFT outputs’ peak locations in the range

dimension could be rewritten as

ρs(α
∗

1,1) = ρ1 + ρ1 = 2ρ1 (14a)

ρs(α
∗

2,1) = ρ1 + ρ2 = ρ1 + fρ(ρ1, φ) (14b)

ρs(α
∗

1,2) = ρ2 + ρ1 = fρ(ρ1, φ) + ρ1 (14c)

ρs(α
∗

2,2) = ρ2 + ρ2 = 2ρ2 (14d)

(14) shows that the peak position of the distance dimension is

determined by the initial radial distance ρ1 and the observation

angle of node 1 φ. Similarly, the peak locations of the four

RFT outputs in the velocity dimension could be rewritten as

vs(β
∗

1,1) = υ1 + υ1 = 2υ1 (15a)

vs(β
∗

2,1) = υ1 + υ2 = υ1 + fυ(ρ1, φ, υ1) (15b)

vs(β
∗

1,2) = υ2 + υ1 = fυ(ρ1, φ, υ1) + υ1 (15c)

vs(β
∗

2,2) = υ2 + υ2 = 2υ2 (15d)

(15) shows that the peak position of the velocity dimension is

determined by the target radial velocity υ1, the initial radial

distance of the target ρ1 and the angle φ. Substituting (14)

into (10), we find that the peak phase is related to the target

parameters ρ1, φ.

In summary, the output characteristics can be determined

by three parameters ρ1, υ1, and φ. Furthermore, if these three

parameters are known, we can compensate the differences

between channels and complete the multi-channel coherent

fusion.

IV. MULTI-CHANNEL FUSION

In this section, a multi-channel fusion algorithm based on

geometric information is proposed. Specifically, according to

the geometric information as shown in Fig. 1, the searching

motion parameters with respect to ρ1, ρ2, v1 and v2 could be

mapped to the ρ1, υ1 and φ, where the explicit mathematical

expression is shown in (12) and (13). Parameters ρ1, υ1 and φ
are used to calculate the extracted coordinates of each channel,



and the signal energy is extracted from the four-channel

RFT output. Then, a phase compensation filter is established

to eliminate the phase difference between the channels and

complete the coherent fusion.

A. Search Sequence Construction

First, construct the search sequence ρs(α1), υs(β1) and

φs(γ) as the input of the algorithm, where ρs(α1) and

υs(β1) represents the searching initial radial distance and

radial velocity from the target to node 1, φs(γ) represents the

searching observation angle of radar node 1. The searching

angle range and step size ∆φ can be determined according

to the system accuracy requirements. The maximum search-

ing scope φs(γ) ∈ (0, 180◦) and number of points are

Nφ =round(180/∆φ), at this time search sequence can be

expressed as

ρs(α1) =− rmax/2 + α1∆ρ/2, α1 = 1, ..., Nρ (16a)

υs(β1) =− vmax/2 + β1∆υ/2, β1 = 1, ..., Nυ (16b)

φs(γ) = γ∆φ, γ = 1, ..., Nα (16c)

B. Extraction Coordinate Calculation and Signal Extraction

Extraction coordinates (ρs(αn,m), υs(βn,m)) rule the posi-

tions to be extracted in the RFT domain of each channel
{

ρs (αn,m) = ρs (αn) + ρs (αm)

vs (βn,m) = vs (βn) + vs (βm)
, n,m = 1, 2 (17)

where ρs(αn,m) are the coordinates extracted for the range

dimension, and υs(βn,m) are the coordinates extracted for the

speed dimension. Through the analysis in section II-A, we

can indirectly compute ρs(α2) and υs(β2) using the search

parameters ρs(α1), υs(β1), and φs(γ). Substitute (12) and (13)

into equations (16), we derive

ρs(α1,1) = −ρmax + α1∆ρ (18a)

ρs(α2,1) = −ρmax/2 + α1∆ρ/2 + κ (18b)

ρs(α1,2) = −ρmax/2 + α1∆ρ/2 + κ (18c)

ρs(α2,2) = 2κ (18d)

where

κ =
√

ρs(α1)2 + d2 − 2dγ∆φρs(α1) (19)

(18) are the extracted coordinates of the range dimension of

each channel.

υs (β1,1) = −vmax + β1∆v (20a)

υs (β2,1) = −vmax/2 + β1∆v/2ζ (20b)

υs (β1,2) = −vmax2 + β1∆v/2ζ (20c)

υs (β2,2) = β1∆vζ (20d)

where

ζ =

cos

(

γ∆φ+ cos−1

(

ρs(α1)−dγ∆φ√
ρs(α1)

2+d2
−2dγ∆φρs(α1)

))

cos (γ∆φ)
(21)

(20) are the extracted coordinates of the velocity dimension

of each channel. Then the RFT domain extraction result of

the (mt-nr) channel can be obtained using the extracted

coordinates

Ω′

n,m (ρs (α1) , υs (β1) , φs(γ))

=

Q
∑

q=1

Esinc

((

ρs (αn,m)− ρs
(

α∗

n,m

)

+
(

υs (βn,m)− υs
(

β∗

n,m

))

tq

)

/2ρr

)

× exp
(

−j2πtq
(

vs (βn,m)− vs
(

β∗

n,m

))

/λ
)

× exp
(

−j2πfmρs
(

α∗

n,m

)

/c
)

(22)

C. Phase Compensation and Coherent Fusion

To achieve coherent fusion, the phase difference term in

(22) needs to be compensated. Based on (10), the phase

compensation filter bank along (mt-nr) channel can be created

as follows

hpn,m = exp (j2πfm · ρs (αn,m) /c) (23)

then the multi-channel coherent fusion output results can be

obtained as follows

O (ρs (α1) , υs (β1) , φs(γ))

=

2
∑

n,m=1

Ω′

n,m (ρs (α1) , υs (β1) , φs(γ))× hpn,m

=

2
∑

n,m=1

Q
∑

q=1

Esinc

((

ρs (αn,m)− ρs
(

α∗

n,m

)

+
(

υs (βn,m)− υs
(

β∗

n,m

))

tq

)

/2ρr

)

× exp
(

−j2πtq
(

vs (βn,m)− vs
(

β∗

n,m

))

/λ
)

× exp
(

−j2πfm
(

ρs (αn,m)− ρs
(

α∗

n,m

))

/c
)

(24)

The extracted coordinates of the RFT domain of each

channel are equivalent to the channel peak coordinates when

the search parameters match the target parameters, then the

multi-channel coherent fusion output result of (24) can be

simplified

O(ρs(α1), vs(β1), φs(γ))

=

2
∑

n,m=1

Q
∑

q=1

E sin c(0) exp(0) exp(0) = 4QE
(25)

Based on the above fusion results, we can perform constant

false alarm rate (CFAR) detection.

V. NUMERICAL EXPERIMENTS AND ANALYSIS

In this section, we first evaluate the fusion performence of

the proposed algorithm in the noise-free scenario and then

compare it with the MTD, KT [12], RFT [14] and method of

[17] under low SNR via numerical experiments. Then, the de-

tection performance comparison of different fusion algorithms

is provided and analyzed. Finally, we discuss and compare

the computational complexity between the proposed algorithm

and the method of [17]. The simulation parameters are seted

as 5MHz bandwidth, 0.2GHz carrier frequency, [75.00km,

75.18km] initial radial distance, [390.63 m/s, 406.25 m/s]

initial radial velocity, 0.75 km node interval, 100 us pulse

width, 20 ms pulse repetition interval, 5 MHz step frequency

and 128 pulse number, respectively.



A. Fusion Performence Evaluation

1) Noise-free Scenario: In the noise-free scenario, firstly,

the coupling echo is matched and separated, and the results

are shown in Fig. (2). It could be seen that the target energy is

spread over different range cells on account of the high-speed

movement between the target and the MIMO radar, RM occurs

at this time. To streamline the subsequent fusion performance

analysis, the matching separation results are normalized.

(a) (b)

(c) (d)

Fig. 2. The results matched and separated from the received coupling echo, (a)
(1t-1r) channel, (b) (1t-2r) channel, (c) (2t-1r) channel, (d)(2t-2r) channel.

The RFT is used to complete multi-pulse fusion. The results

of Fig. (3) show that the energy of the target is successfully

focused in the ρ-υ plane, the fusion peak is 128, which fuses

all the pulses within the CPI, and each channel’s motion

parameters at the peak coordinates match the theoretical

parameters.

(a) (b)

(c) (d)

Fig. 3. The results after multi-pulse fusion processing, (a) (1t-1r) channel,
(b) (1t-2r) channel, (c) (2t-1r) channel, (d)(2t-2r) channel.

As shown in Fig. (4), the multi-channel RFT results are

successfully fused using the proposed fusion algorithm. The

peak value after the proposed algorithm is 512, and the

theoretical peak after four-channel coherent fusion is 512,

indicating that there is no energy loss during the multi-channel

fusion process. Fig. (4) are the slices of the proposed algorithm

output in each dimension.

(a) (b) (c)

Fig. 4. The output of the proposed algorithm under different dimension
slices, (a) range-velocity (ρ-υ) dimension, (b )range-angle (ρ-φ) dimension,
(c) velocity-angle (υ-φ) dimension.

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Fusion results of different algorithms under low SNR ratio, (a)
Matching separation result, (b) MTD result, (c) KT result, (d) RFT result,
(e) Method of [17], (f) Proposed algorithm.

2) Low SNR Scenario: In this section, the fusion of the

proposed algorithm under low SNR is analyzed. The motion

parameters of the target are the same as section V-A, while

the SNR of the target’s raw data is −15dB after matching and

separation.

As can be seen from Fig. (5a), the result of matching and

separation is submerged by noise because of the low SNR. In

addition, Figs. (5b)-(5d) depict the fusion results obtained by

using MTD, KT, and RFT algorithms, respectively. And the

fusion results are still drowned by noise and difficult to detect.

Fig. (5e) is the result of the method of [17] and Fig. (5f)

is the fusion result of the proposed algorithm. As can be

seen from Fig. (5f), the peak obtained through our proposed

algorithm closely aligns with method of [17], indicating the

good fusion performance of our algorithm.



B. Detection Performance Analysis

In this section, 1000 independent simulation experiments

are conducted based on the Monte Carlo method, and the false

alarm probability is set as 10−3. The detection performance of

the proposed algorithm is compared with the MTD algorithm,

KT algorithm, RFT algorithm, and method of [17]. The result

of detection performance comparison is shown in Fig. (6), and

we can see that:

1) The detection performance of the proposed algorithm is

close to the method of [17] under the premise of reducing

the complexity burden, and the SNR loss is less than

0.5 dB. Furthermore, in Section V-C, we compare the

computational complexity of the two algorithms in detail.

2) Compared with KT and RFT methods, the proposed

algorithm can achieve 6 dB and 4 dB SNR gains, re-

spectively, which benefit from multi-channel signal fusion

and effectively improve the detection ability at low SNR

scenarios.

3) Compared with the proposed algorithm, the SNR required

by the MTD algorithm is 16 dB higher. This is because

MTD is not suitable for fusing the energy of high-speed

targets, resulting in the worst detection performance.
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Fig. 6. Comparison of detection performance of different algorithms.

C. Computational Complexity Analysis

This section compares the computational complexity be-

tween the proposed algorithm and method of [17]. Firstly,

RFT processing of single channel will be carried out NρNυQ
complex multiplication and NρNυ(Q − 1) complex addition.

For the method of [17], it jointly searches 4 dimensions,

using 3NρNρNυNυ + 4NρNυQ complex multiplication and

3NρNρNυNυ + 4NρNυ(Q − 1) complex addition. As for

the proposed algorithm, it jointly searched 3 dimensions and

requires 3NρNυNφ + 4NρNυQ complex multiplication and

3NρNυNφ + 4NρNυ(Q− 1) complex addition. Assume that

Nρ = Nυ = Nφ = Q = N0, the computational complexity

of the method described in [17] is O(N4
0 ), in contrast, the

proposed algorithm is O(N3
0 ). The balance between compu-

tational complexity and detection performance is achieved.

VI. CONCLUSION

In this paper, a multi-channel coherent fusion algorithm

based on bistatic MIMO geometric information is proposed for

the detection of high-speed targets. Firstly, the echo model of

high-speed target is established by using the geometric space

topology of radar. Then, the relationship between the single-

channel fusion output and the geometric information between

the radar targets is analyzed, and the corresponding phase

compensation filter is designed for multi-channel coherent fu-

sion. Finally, the proposed algorithm is compared with MTD,

RFT, KT, and method of [17] through numerical experiments,

which verifies that the proposed algorithm is computationally

efficient.
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