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ABSTRACT

An approach to designing multiple waveforms in a multiple-input multiple-output (MIMO) system is presented so that
the full capacity of the transmitting and receiving antennas can be utilized at the same time. On the transmitter-side, the
antenna elements are classified into different groups according to their specific signal. On the receive-side, we use a
multi-resolution analysis to retrieve the signals of each channel. Due to the superior characteristics of the FMCW signal,
especially in terms of sampling, in the proposed approach, an FMCW radar is considered. To adapt the introduced
system to multistatic near-field imaging, we use more accurate models than the effective phase center principle. This
contributes to the successful reconstruction of the scene image by efficient Fourier-based image reconstruction methods.
The performance of the proposed approach is confirmed by numerical simulations.
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1. INTRODUCTION

In recent decades, wireless communication systems have experienced rapid growth in the use of multiple-input multiple-
output (MIMO) technology in applications such as mobile radio networks, the Internet of things (IoT), and military and
civilian radars [1, 2]. Advantages such as higher data rate, reduced signal distortion and higher accuracy obtained
through the use of multiple transmitter (Tx) and receiver (Rx) combinations, have been among the reasons for the
increasing development of this technology compared to conventional technologies such as single-input single-output
(SISO) and single-input multiple-output (SIMO) [3]. However, MIMO systems usually require higher levels of design
and signal processing in the Tx and Rx sections. An important challenge in using MIMO systems is the need to generate
optimal signals that are orthogonal to each other (so-called waveform diversity) [4]; in other words, the transmitted
waveforms must be designed and optimized in such a way that all pairs of individual Tx-Rx signals can be separated
from the composite received signal at the Rx. Also, accurate retrieval of each pair of signals requires some efficient
processing on the Rx.

One of the popular methods for implementing waveform diversity is the use of various multiple access techniques [5].
The time-division technique [6] is known as the simplest method for obtaining orthogonal signals. The basis of this
technique is to transmit signals of each Tx at non-overlapping time intervals with other Txs. In other words, at each time
slot, only one Tx transmits and the Rxs receive only one signal corresponding to that single Tx. It is clear that such a
mechanism, despite its simplicity, may significantly increase the overall transmitting time. The frequency-division
technique [7] is another common method in which the transmitted signals have no frequency overlap; in other words,
each signal occupies a specific bandwidth in the spectral domain. Although the signals of all Txs can be transmitted
simultaneously using the frequency-division technique, such a mechanism typically requires a very wide overall
frequency bandwidth. Such an extended bandwidth may be wider than what the received signal can be sampled by using
present-day analog-to-digital converters (ADCs) and digital-to-analog converters. In addition, if the total bandwidth in
the time-division and frequency-division techniques are considered the same, then the latter leads to a worse range
resolution because each Tx uses only part of the total bandwidth. In the code-division technique [8], all Txs transmit
signals with the same central frequency, and bandwidth is shared between the Txs. Therefore, this technique does not
require increasing the sampling rate. However, as the number of Txs increases, in addition to complicating the system,
the overall quality of services decreases [9].
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Millimeter-wave (mm-wave) radars are a special class of radar technology that use short wavelength electromagnetic
waves [10]. These radars are used today in various applications such as advanced driving assistant systems, building
automation, health monitoring and security scanning [11]. Continuous-wave (CW) radars have less hardware complexity
than pulse radars. However, most orthogonal signals generation techniques have been developed for pulse radars, which
are not necessarily applicable to CW radars (including frequency-modulated CW (FMCW) radars). FMCW radars are
very popular in automotive and industrial applications due to some of their unique specifications. An important
advantage of the FMCW signal is that the beat signal bandwidth is much less than the instantaneous bandwidth. This, in
particular in terms of sampling, leads to much-desired simplification of the ADC acquisition.

Recently in [4], an efficient mechanism for waveform diversity in a MIMO structure is proposed. The Txs are first
classified into several groups, and the same carrier frequency is assigned to the corresponding signals of the Txs in each
group. The carrier frequency of each group has a small offset compared to those other groups. The waveforms of each
group are then encoded. Due to the waveform diversity feature, all Txs will be able to submit simultaneously. On the Rx-
side, the received signals must be decoded. However, it is not possible to perform this operation without retrieving the
content corresponding to the groups. Applying a multi-resolution analysis approach can be an effective solution for
retrieving all pairs. In this paper, step-by-step implementations on the Rx-side to retrieve all pairs of Tx-Rx signals,
along with some analysis of the performance of two multi-resolution analysis methods called variational mode
decomposition (VMD) and successive VMD (SVMD) [12, 13], are addressed. Moreover, the mentioned approach is
specifically examined in the case of a near-field (NF) MIMO imaging system, and in addition to the analysis of the
processed signals, the results are also presented in the form of reconstructed images.

The rest of this paper is organized as follows: in Section 2, the system model is presented; in Section 3, the design model
on the Tx-side and the processing procedures on the Rx-side are described; Section 4 is devoted to the presentation of
results and analyzes; Section 5 provides a brief conclusion.

2. SYSTEM MODEL

Consider an FMCW signal whose instantaneous frequency changes linearly with time as follows:
s, (t) - ejlﬂ(f(,xﬂ)_sﬁz-)’ 0<i<T, (1)

where f; represents the carrier frequency at 1 =0, and j is the imaginary unit. 5 and T, are the chirp rate and chirp

pulse duration, respectively, and determine the signal bandwidth B =T, . s, (t) constitutes the main nature (not the
final form) of the Tx-side signal for the mm-wave radar in this paper. Before transmitting, some changes in frequency
and phase of s, (t) are applied, the details of which are given in Section 3.1. Figure 1 shows the general structure of the

imaging system considered in this paper. It is assumed that two uniform linear arrays (ULAs), as Tx and Rx, with a
horizontal distance d, (along the x-axis), located parallel to the y-axis (vertically), are used in a MIMO structure and

perform the task of electronic scanning. The number of elements in these arrays and the inter-element distances are
denoted by N,, N,, d, and d,, respectively. In order to form a two-dimensional (2D) aperture, and thus obtain scene

information in both the x- and y-directions, a 1D mechanical scanning is also performed horizontally by moving the
arrays with fixed sampling steps d_ (a total of N steps). Based on the effective phase center principle, under the far-

field (FF) assumption, a multistatic array topology with N, + N, physical antennas can be considered as a monostatic
virtual array with N,N, elements (equal to the number of all channels) [14]. It can easily be proved that if d, is
considered equal to N,d,, a virtual ULA is provided with an inter-element spacing of d, /2.
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Figure 1. The general structure of the imaging system.

3. DESIGN AND PROCESSING APPROACH
3.1 Tx-side
According to the designs done in [4], on the Tx-side, first, N, Tx antennas are divided into G non-overlapping groups

so that Z::)Pg , where P, represents the number of Tx antennas in the g“‘ group, and g =0,1,...,G—1 and

P, D{Z" |n=0,1, 2} . This division is shown visually in Figure 2. In this figure, for simplicity, it is assumed that the

adjacent antennas are in the same groups, which is not necessary. The same carrier frequency is assigned to all chirp
signals in the g™ group (i.e. s, (f), where p =1, 2,...,P,). The carrier frequency of each group has a small offset f,

8.r
compared to the previous group, so that f, < f,. Finally, before transmitting, the signals within the g" group are
encoded by assigning a binary phase in a time block of length P,7, [4]. Figure 3, for example, shows how the signals
corresponding to group 1 are encoded for a sequence of four distinct codes, denoted by C,, C,, C, and C,, assuming
that group 1 contains four Tx antennas. The mathematical form of the transmitted signals can be written as follows (see
Figure 2):

j(2n((fu —ng)x+o.5px3)—%,_)

s, ,(D=e 0<t<PT,, 2

where ¢, , represents the binary phase encoded by Walsh-Hadamard codes [15]. Figure 4 shows a summary of the steps

mentioned above in the form of a block diagram.

spa(t) Sos(t)  s512(8) s1.4(8) 53,3(t)

Go G,
Figure 2. Mechanism of grouping Tx antennas and assigning signals to them, assuming 12 Tx antennas and 3 groups (each
containing 4 antennas).
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Figure 3. Encoded chirp sequences in group 1 assuming four Tx antennas.
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Figure 4. Block diagram of design steps on the Tx-side.
3.2 Rx-side

In case of simultaneous transmission by all Tx antennas, the combined signal received by the i'-th Rx antenna can be
mathematically written as follows:

G-1 B

Sit (t) = z Zsi',g,p (t) + n; (t) ’ (3)

g=0 p=1

where n, ( ) represents noise, and s. . (¢) can be written in simplified form to the following form [4]:

i'.g.p

- p(t) — lej(lﬂ(fiﬂ,-v,”,,,+(ﬁr,,_y_ﬂ+ng),)+%.ﬂ)’ (4)

where Br, ., is known as the beat frequency, whose sum with gf, forms the desired frequency. In (4), [ and T

represent the combination of target reflectivity ¢ and the round-trip amplitude decay off the target, and the round-trip
delay, respectively, which are calculated as follows:

R R
:% r=2 R R Jmn Y (- n ) g R -2 () )

where c is the speed of light.

The challenge here is that the raw data collected by the Rxs cannot be processed directly for the image reconstruction
process; because the individual data of each Tx-Rx pair are integrated into the combined signal. This is where applying a
multi-resolution analysis can help us to separate the composite signals belonging to each group as well as retrieve the
original content of the data. Our focus in this paper is on two efficient VMD and SVMD methods [16]. The VMD is able

to decompose a multicomponent signal x(t) into N, band-limited sub-signals u, called intrinsic mode functions
(IMFs) [17]:

x(1) =§un (1) )

n=l1

VMD can be written as a constrained variational problem as follows [18]:

NIJ
{u}{m{zu‘m /df"} M;uﬁx, -
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where f, is the central frequency around which each mode is compacted, B (t) is the base frequency spectrum [19], and

2 2 . . . . .
||||2 denotes the squared L -norm. Equation (7) can be solved by introducing a quadratic penalty and Lagrangian

multipliers [18]. In the case of SVMD, decomposition is performed by successively applying variational mode extraction
to the signal and adding some constraints to avoid convergence to the previous extracted modes. This procedure
continues until all modes are extracted or the reconstruction error is less than a threshold. It can be mathematically

assumed that x(t) is decomposed into two signals u,, (t) and x, (t) [13]:
x(t):uN (t)+xr (t), ND[Ln], (8)

where the residual signal x, (t) is the input signal excluding u, (t) and consists of two components: the sum of the
previously obtained modes and the unprocessed part of the signal ( x, (t) ) [13]:

N-1

5 ()= 2 ()5, 0) ©

Details of implementing SVMD can be found in [13].

After recovering the composite signals of each group by a multi-resolution analysis, the composite signals are decoded to
retrieve the signals corresponding to all pairs of Tx-Rx. Data decoding is done according to the type of encoding used on
the Tx-side. In addition, after decoding, it is necessary to return the signal frequency content from the desired frequency

to the beat frequency. This can be done simply by multiplying the received complex signals in the g™ group by e />
Now, the received beat signal can be rewritten in the wavenumber domain as follows:
k(R +R,)
S(Xps Yo Xp, Voo k) = O———, 10
(% 37X Yo k) RE (10)

where k =277f /c represents the wavenumber corresponding to the instantaneous frequency f = f, + Bt . Accordingly,

what we will have as the input of the image reconstruction algorithm is a N, XN XN _xN_ data (which we call S)

whose complex values are the measurements captured by each Tx-Rx pair, in each spatial and temporal sampling, where
N, denotes the number of sampled points in duration 7,. A summary of the main processing steps on the Rx-side is

given in Figure 5.

Input Data:
§ € CNXN2XN,
Applying a multiresolution analysis Decoding ]Y[ultiplyin.g com-plex
technique to 57 (t) to retrieve composite signal signals 1'9‘“9“_32‘1 in gt-
composite signal of each group of g-th group th group by e/2797fx

§ = (CM'XNXN,XNE

| Image reconstruction technique |‘—

Figure 5. Summary of the main processing steps on the Rx-side.

4. SIMULATION RESULTS

In this section, some of the simulation results are given. For the studies presented in this section, all computations were
done on MATLAB R2020b of 64-bit Windows 10 operating system with 12GB of random-access memory and a Core-i7
central processing unit at 2.7GHz. The conventional FFT-IFFT method is used to reconstruct the images [14]. In order
for this method to be effective in the NF, a multistatic-to-monostatic conversion [20] must be used as preprocessing. See
[21] for more details. The values of the simulation parameters are given in Table 1, where A is the wavelength at the
center frequency of 79GHz. According to the aperture size and operating frequency presented in Table 1, targets in the
range of approximately less than 39m are considered to be located in the NF region [22].
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The outputs of the Tx-Rx pairs recovery steps, for example for Rx,, at the scanning center point, for a point scatterer in

the center of the target area are given below. Figure 6 shows the real and imaginary parts of the combined received
signal. Figure 7 shows the real part of the composite signals retrieved in each group by applying the VMD method. As
can be seen, despite the fact that the signals are noisy, the recovered signals in all respects of amplitude, frequency and
phase, are in good agreement with the original (true) signals. Figure 8 shows the outputs corresponding to Figure 7 when
the SVMD method is used instead of the VMD method. It can be clearly seen that the composite signal of group 1 has
not been retrieved properly. Also, the retrieved signals of other groups do not have a perfect match with the original
signals. To study this more closely, let us take a look at the spectrum of signals (Figure 9). As can be seen, the frequency
separation of the modes by the SVMD method is not as good as by the VMD method. In particular, the signal
corresponding to group 0 contains more than one frequency component. One reason for this may be the sensitivity of the
SVMD method to the frequency distance of the modes. Our experiments have shown that increasing f, can be a way to

improve the performance of the SVMD method in our case. For example, when we increased f, from 95kHz to

200kHz, the outputs of the SVMD method were close to those of the VMD method (see Figure 10). However, it is not
desirable to increase the frequency offset f, too much, because the closer f, is to the sampling frequency, the lower the

accuracy of signal retrieval. It should be noted that the average computational time for the decomposition of the modes in
Figures 7 and 8 is 0.12Sec and 0.71Sec, respectively. However, the analyzes in [13] show that when the number of
modes increases significantly, the SVMD method has a considerable computational advantage over the VMD method.
Another advantage of the SVMD method is that, unlike the VMD method, it does not need to know the number of
modes. Of course, it should be noted that in our case, the number of modes is equal to the number of groups that are
considered in the Tx-side design and the receiver is aware of it. Overall, due to the greater reliability of the VMD method
in our example, the continuation of the results is based on the VMD outputs. The next step, after recovering the
composite signal of each group, is to decode them so that the signals transmitted from all Txs can be accessed separately.
The results of this step are shown in Figure 11. Finally, before reconstructing the image, the retrieved signals
corresponding to the Txs must be returned from the desired frequency to the beat frequency. Here, just as an example,
the outputs of the sixth and ninth Txs (belonging to groups 1 and 2, respectively) are shown in Figure 12. By performing

the above operation for all Rxs and for all spatial sampling points, S is obtained. As mentioned in Section 3.2, that is the
input to the image reconstruction algorithm. The reconstructed image is shown in Figure 13.

Table 1. Values of simulation parameters.

Parameter | N, | N d d d Z D} D; D; D]

t r t r o

Value 12 | 24 | 124 | A/2 | 4mm | 300mm | 272mm | 272mm | 75mm | 75mm

Parameter | N fo B B N, fa G| R | PR | P | SNR
Value 151 | 77GHz | 4GHz | 80 MHz/us | 256 | 95kHz | 3 4 4 4 | 15dB
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Figure 6. Received combined signal; (a) real part, (b) imaginary part.
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Figure 8. The real part of composite signals retrieved by applying the SVMD method; (a) group 0, (b) group 1, (c) group 2.

We also applied the presented mechanism to image a T-shaped target. In this example, N and SNR are assumed to be
288 and 14dB, respectively. The other parameters are similar to the values in Table 1. The final result (reconstructed
image) is given in Figure 14. As can be seen, the presented mechanism for a distributed target also worked well. Note
that the image quality in the horizontal direction (with mechanical scanning) is better than in the vertical direction (with
electronic scanning). The reason for this is the approximations imposed on the data processed by the image
reconstruction algorithm by applying multistatic-to-monostatic conversion in the vertical direction. This problem can be
improved by increasing the density of the antennas.
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Figure 13. Reconstructed image of a point scatterer.
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Figure 14. Reconstructed image of a T-shaped target. The values listed on the side of the colorbar are in decibels.

5. CONCLUSION

In this paper, the effectiveness of multi-resolution analysis for the separation of individual Tx-Rx pairs in a NF MIMO
imaging scenario with a specific design of the transmitted waveforms was studied. The output of each processing step
was shown and discussed. Some comparisons were made between the performance of VMD and SVMD methods. The
discussed mechanism can bring significant advantages for data acquisition in MIMO radar systems as all Txs can
transmit simultaneously, suggesting that the data acquisition rate may be significantly improved.
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