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Abstract—This paper presents an imaging method for a target
in blind areas of a room. We have developed an accurate
imaging method for an indoor object in blind areas, but the
estimated range of the imaging is restricted because of the mutual
interference of indoor multi-path echoes [1]. In this paper, we
extend this conventional method for a moving target and resolves
the mutual interference using the Doppler effect. Numerical
simulation shows that the proposed method achieves wide-range
imaging of a target and accurately estimates target velocity.

I. INTRODUCTION

Indoor surveillance systems are indispensable for maintain-

ing a safe society. A system using radio waves is promising

in surveillance systems because it has the potential to avoid

some of the substantial limitations of camera-based systems.

It has been reported that radio waves enable the detection of

targets in hidden places where cameras cannot work. Existing

communication infrastructure like WLAN stations has been

employed for positioning purposes[2] [3]. Although these

methods are capable of providing rough estimates of target

locations in blind areas, the resolution is inadequate.

To obtain more accurate information, ultra-wide band

(UWB) pulse radar is promising for surveillance imaging

because of its high range resolution. Positioning methods using

UWB pulse radar have been proposed for an environment

with multi-path echoes such as the interior of a room[4] [5].

Combining the time-reversal (TR) [5] and interferometry [6]

imaging methods, we proposed an accurate imaging method

using multi-path echoes, which works even if the target is in

blind areas[1].

However, this method provides a limited part of the target

shape because only a small number of echoes are used for

imaging due to mutual interference of the received echoes.

In this paper, we resolve this problem by using the Doppler

effect and assume a moving target. The proposed method

calculates the Fourier Transform of the received signals and

separates out the interference echoes in the frequency domain.

A numerical simulation verifies that the proposed method

extends the range of the estimated image and estimates the

target velocity accurately.

II. SYSTEM MODEL

Figure 1 shows the system model. We consider a two-

dimensional case. The position is expressed with the parameter

r = (x, y). The system is composed of an antenna array, a
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Fig. 1. System model.

perfect-electric-conductor (PEC) target and a room configured

as a known polygonal shape with PEC walls. The target with

a velocity of vt is in the shadow regions, which are areas

not visible from any location along the array antenna line.

The region painted the darkest gray in Fig. 1 reperesents the

shadow region in the system model. The location of the i-th
antenna is expressed as ai = (iΔx+x0, y0), where Δx is the

interval of the array antenna. The antenna is assumed to have

an ideally uniform beam pattern with a beam width of 180◦

and with the main lobe in the direction of the y axis.

Raised-cosine-shaped UWB pulses, with a center frequency

of fc and a bandwidth of Bw, are transmitted, and the echoes

are received by the same antenna at a time interval of ΔT .

si(r, nΔT ) (n = 0, · · · , N) denotes the signal received at the

antenna location ai at time nΔT , where N is the total number

of received signals and r is defined with time t and the speed

of the radio wave c as r = ct. Note that the observation time

of NΔT is sufficiently short that vt is assumed to be constant

during that time. The echoes received when the room is empty

are subtracted from si(r, nΔT ), and a filter matched to the

transmitted waveform is applied.

For convenience, mirror image antennas are introduced at

symmetrical positions with respect to the room walls as in

Fig. 2. Each multipath wave can be modeled with an imagi-

nary echo from the corresponding mirror image antenna. The

location of the j-th mirror image antenna for the i-th antenna
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Fig. 2. Mirror image antennas.

is represented as ai,j .

Unless otherwise noted, fc = 79.0GHz, Bw = 1.4GHz
(x0, y0) = (0.1m, 1.0m), Δx = 0.1m, M = 39 and a cir-

cular target with a radius of 0.5m located at (−3.0m, 4.0m)
is assumed in this paper. The velocity of the target is vt =
(0.50m/s, 0.87m/s). An ideal environment without noise is

assumed.

III. INTERFEROMETRY IMAGING IN AN INDOOR

ENVIRONMENT

The conventional method employs interferometry and TR

imaging methods for a target in the indoor multi-path

environment[1]. The image is provided as the superposition

of the intersection points of two ellipses:{ |r − ai,j |+ |r − ai,k| = ri,u, (1)

|r − ai+1,j |+ |r − ai+1,k| = ri+1,v, (2)

where ri,u is the u-th range data extracted as the peak position

of si(r), which is the range from the antenna to the target. ri,u

and ri+1,v satisfy the condition

|ri,u − ri+1,v| < ΔR, (3)

where ΔR is the length of the transmitted pulse in space. The

schematic of this interferometry method is illustrated in Fig. 3,

where an ellipse with foci ai,2 and ai,5, and another ellipse

with foci ai+1,2 and ai+1,5 are used to calculate the target

location.

The image includes many false image points across the

room because incorrect combinations of antennas and range

data are used in the estimation. Therefore, the conventional

method removes the image points rp satisfying the following

condition:

|rp − rtr| < ρ, (4)

where rp is the p-th image points, rtr is the location esti-

mated using the TR imaging method and the parameter ρ is

empirically determined.

Figure 4 shows the estimated image by applying this method

to the system model shown in Fig. 1. The RMS error and
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Fig. 3. Schematic of interferometry.
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Fig. 4. Estimated image with conventional method.

the estimated range of the estimated shape are 0.47mm and

7.0 %. Although the result verifies that this method estimates

the target shape accurately, only a small part of the target

shape is provided because only a small amount of the range

data is extracted owing to mutual interference of the received

signals.

IV. PROPOSED IMAGING METHOD

To resolve the problem mentioned above, the proposed

method separates the received signals in the frequency domain

using a Fourier transform. This approach is based on the

principle that each received pulse has a unique value of the

Doppler velocity vd formulated as

vt · i = vd, (5)

where i is the incidence vector from the antenna to the target

which is determined by the incidence angle from antenna to

target.

In this section, we describe the procedure of the wide-range

imaging method for an indoor object using the Doppler effect.
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(b) Signal Separated using Fourier Transform
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Fig. 5. Raw signal s20(r) and transformed signal S20(r, mΔf).

A. Interferometry Imaging

We define the Fourier transform of si(r, nΔT ) as

Si(r,mΔf). (ri,u, fi,u) is extracted as the peak position of

Si(r,mΔf), where fi,u is the u-th frequency data. The image

is obtained as the solutions of Eq. (1) and (2). In addition

to Eq. (3), the combination of ri,u and ri+1,v is adopted by

satisfying the condition

|fi,u − fi+1,v| < ΔF/2, (6)

where ΔF = 1/NΔT is the frequency resolution.

Figure 5 (a) shows s20(r, 31) and (b) shows the transformed

signal S20(r, nΔf) in the system model shown in Fig. 1. The

von Hann window is applied with the Fourier transform and

ΔF = 100Hz. We set the other parameters ΔT = 3ms
and N = 64. ΔR = 0.2m is calculated by ΔR = c/Bw.

It is confirmed that the received pulses are separated in the

frequency domain.

The image estimated by this method is shown in Fig. 6.

In this figure, the method reconstructs a wide range of the

target boundary because the proposed method extracts more

range data from the received signals than the conventional

method. However, it also has many false image points due

to the increment of the number of incorrect combinations of

antennas and range data.

B. Velocity Estimation

To obtain a clear image, we propose an effective false image

reduction algorithm using the Doppler frequency of the range

data. In the first step, the proposed method estimates the target

velocity from the image including the false image points. The

velocity of the target vp,q is calculated as the solution of the

equations {
vp,q · ip = vp, (7)

vp,q · iq = vq, (8)

where the indexes p and q denote a specific image point,

ip is the unit vector parallel to the incident direction from

the antenna to the p-th image point and vp is the Doppler

velocity for the p-th image point. The Doppler velocity vd is
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Fig. 6. Estimated image without false image reduction.
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obtained from the Doppler frequency fd for vd = −(c/2fc)fd.

First, the proposed method calculates vp,q with all possible

combinations of pairs of image points p and q. Note that

vp,q includes inaccurate velocity vectors because the image

includes many false image points. To obtain accurate target

velocity, the proposed method estimates the velocity of the

target v̂ as

v̂ = arg max
v

F (v), (9)

F (v) =

{∑
p,q

(ap + aq)G(v − vp,q; μ, σ)

}
, (10)

where G(v; μ, σ) is a two-dimensional Gaussian function with

a mean and standard deviation of μ = 0 and σ, and ap is the

amplitude of the pulse for the p-th image point. It is expected

that F(v) has a high value at the position of true velocity

because the image includes more true boundary points than

false image points.

Figure 7 shows F(v) calculated by the image of Fig. 6. This

figure verifies F(v) has a high value in the vicinity of v =
(0.50m/s, 0.87m/s) and the target velocity v̂ is accurately

estimated.
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Fig. 8. Estimated image.

C. False Image Reduction

In the second step of false image reduction, the proposed

method removes the false image points using the estimated

velocity. Using Eq.(5), the proposed method removes the

image points that satisfy the following condition.

|vp − v̂ · ip| > η |v̂| , (11)

where η is an empirically determined parameter.

Moreover, the image satisfying the following condition is

removed.

min |rp − rp′ | > Δre (p �= p′), (12)

where Δre is an empirically determined parameter. This is

because experience shows that the false image points are

isolated from other points.

The estimated image after false image reduction is shown in

Fig. 8, where we set ρ = 0.8m, η = 0.1 and Δre = 0.02 m.

The root-mean-square (RMS) error and the estimated range

of the proposed method are 10.5 mm and 23.1 % respectively.

Although the RMS error of the proposed method deteriorates

20-fold compared with the conventional RMS error, the esti-

mated range is extended about 3-fold.

V. PERFORMANCE EVALUATION

A. Noise Tolerance

This subsection discusses the imaging accuracy of the pro-

posed method with noisy data assuming the same scenario as

in the previous section. To produce a noisy signal numerically,

white Gaussian noise is added to the raw signals. We define

S/N as the ratio of the peak instantaneous signal power to the

averaged noise power after applying the matched filter. The

RMS error and estimated range of the estimated shape using

the proposed method is shown in Fig. 9.

This figure shows that the RMS error and is relatively

small, less than 40.0mm, and the estimated range is relatively

large, more than 20.0% for the S/N ≥ 33.8 dB. The image

estimated in noisy environments is shown in Fig. 10 for

S/N = 33.8 dB. In Fig. 10, although there are inappropriate
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Fig. 9. RMS error and estimated range of the proposed method vs. S/N.
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Fig. 10. Estimated image for S/N = 33.8 dB.

false points, most of the estimated points are located on the

target surface, giving an accurate estimation of the image.

B. Performance Evaluation with Other Models

This subsection discusses the performance of the proposed

method with different models. We apply the proposed method

to the two system models shown in Figs. 11 and 12.

Figures 13 and 14 shows the images obtained from the mod-

els shown in Figs. 11 and 12. The estimation RMS error and

estimated range are 2.04mm and 29.8%, and 3.28mm and

5.09 %, respectively. In the system model shown in Fig. 11,

the estimated range of the proposed method is extended about

3-fold compared with the conventional method and the RMS

error of the proposed method is virtually the same as for the

conventional method. In the system model shown in Fig. 12,

the estimated range of the proposed method is extended about

1.5-fold compared with the conventional method and the RMS

error of the proposed method improves 10-fold. These results

verify that the region containing images is extended compared

with the conventional interferometry method because the pro-

posed method uses more multi-path echoes for imaging.
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Fig. 13. Estimated image for system model B.

VI. CONCLUSIONS

This paper proposed a wide-range imaging method for a

moving target in a shadow region. Numerical simulation veri-

fied that the proposed method separates the received signals in

the frequency domain and accurately estimates the target shape

and velocity. Moreover, we confirmed the proposed method

works in several room shapes.
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Fig. 14. Estimated image for system model C.
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