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Abstract—We address the problem of dynamically optimizing
arbitrary multiple-input multiple-output (MIMO) wireless links
that may or may not be directional to avoid interference over a
fixed frequency band. The optimization is, therefore, applicable
to near-field machine-to-machine communications. Specifically,
we aim to determine the transmitter beam weight vector and
pulse code sequence that maximize the signal-to-interference-
plus-noise ratio (SINR) at the output of the joint maximum-
SINR space-time receiver filter. We propose a novel and simple
model-based solution that we call space-first-time-next waveform
optimization where we optimize first the transmit weight vector
(space) and then the pulse code sequence (time). We derive the
solution formally and evaluate its performance through extensive
simulation studies considering varying waveform code length,
near-field/far-field conditions, and spread-spectrum/non-spread-
spectrum interference. The studies demonstrate the effectiveness
of the proposed method and its remarkable interference avoid-
ance capability in dense interference scenarios compared to static
conventionally designed MIMO links.

Index Terms—Autonomous communications, directional net-
working, interference avoidance, jam resistant communications,
MIMO, near field communications, space-time waveform design.

I. INTRODUCTION

Throughout the evolution of wireless communication sys-
tems, electromagnetic interference has always been a vital
consideration [1]. The exponential rise in the number of
wireless users, the expectation of data transfer rates in the
order of hundreds of Mbps, and emerging technologies such
as machine-to-machine communications, mm-wave robotics,
wireless security [2]-[4], and more, make managing and
preventing interference increasingly difficult [1], [5], [6].

An effective approach to address interference concerns is
through interference avoidance utilizing dynamic waveform
design at a fine time scale [7]-[9] where a finite sequence of
repeated pulses (such as square-root-raised cosines (SRRC))
that span the entire continuum of the device-accessible spec-
trum is code optimized over a finite pulse-modulation alphabet
to maximize the signal-to-interference-plus-noise ratio (SINR)
at the output of the max-SINR filter at the intended receiving
node [10], [11].
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Multiple-input multiple-output (MIMO) technology has
emerged as a critical element in modern communications, both
in the context of 5G and future generations [12]-[14] and mesh
networking. The significance of MIMO systems lies in their
ability to enhance channel capacity or minimize bit-error-rate
(BER) and optimize power consumption while maintaining
a fixed channel data rate. Moreover, MIMO systems offer
distinctive advantages for interference management through
the utilization of directional transmission, space-time precod-
ing, directional reception, and space-time filtering. These tech-
niques effectively leverage the combined potential of spatial
and time domain degrees of freedom (DOF) [15] leading to
superior performance and improved overall system efficiency.

There is significant active research in the field to address
interference challenges in the time domain. One approach
involves the utilization of distributed deep learning mod-
els, as demonstrated in [16], which specifically focuses on
5G/broadband IoT networks. In [11], an alternative solution is
considered for an IoT network where rather than employing
deep learning, the authors propose an optimal adaptive sparse
waveform design algorithm. The algorithm digitally adjusts the
waveform shape to maximize the SINR at the output of the
receiver’s maximum-SINR linear filter. Furthermore, the work
in [10] addresses the opportunity for directional space-time
waveform design in narrowband far-field MIMO systems to
avoid proactively interference. The authors propose a solution
that involves optimizing both the pulse code sequence and
the signal angle-of-arrival (AoA) to establish communication
between the intended transmitter and receiver pair. The op-
timization maximizes the maximum achievable pre-detection
SINR at the output of the max-SINR receiver filter.

In this paper, we present a solution to the challenge of
establishing an optimally interference-avoiding near-field or
far-field MIMO wireless link targeting modern connected
robotics applications in high frequency bands (i.e., mm-wave
or THz) where near-field effects may be significantly extended
when the diameter of focused antennas exceeds half the wave-
length of the carrier or as the carrier wavelength decreases.
Specifically, we investigate the optimization of the transmitter
beam weight vector and the time-domain wave shaping code
to maximize the pre-detection SINR at the output of the joint
space-time receiver filter for any locally sensed space-time
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disturbance autocorrelation matrix. Our solution presents a
novel model-based approach to overcome the limitations of
conventional directional array-response modeling in near-field
MIMO wireless links. Firstly, we optimize the transmitter
beam weight vector and then we shape a digitally coded
waveform that utilizes the entire device accessible frequency
band. Our contributions can be summarized as follows:

o We present a new closed-loop design of transmit space-
time signals to dynamically maximize the SINR at the
output of the receiver’s space-time matched filter for
any locally sensed space-time disturbance autocorrelation
matrix. This involves a two-step process: Searching for
an optimized transmitter beam weight vector first and
subsequently optimizing a digital wave shape code.

o The proposed method is thoroughly evaluated and com-
pared through extensive simulations in diverse inter-
ference scenarios. The types of interference scenarios
include near-field and far-field, spread-spectrum and non-
spread-spectrum, as well as light and dense disturbance
scenarios. The simulation studies investigate the impact of
varying transmit beam vector and waveform code lengths.
The results demonstrate how the potential scheme can ef-
fectively support near/far-field MIMO links in extremely
challenging interference environments.

Notation: Matrices are denoted by upper-case bold letters,
column vectors by lower-case bold letters, and scalars by
lower-case plain-font letters. The transpose operation is repre-
sented by the superscript 7, the Hermitian operation (conjugate
transpose) by , and the Kronecker product by ®.

II. MIMO SYSTEM MODEL

In Fig. 1, we consider a MIMO link configuration with
M, transmit and M, receive antennas and without loss of
generality we assume that the transmitter sends an information
bit sequence b(n) € {£1},n=0,1,..., N, at rate 1/T}, across
all antennas on a carrier frequency f. using a digitally shaped
waveform s(¢) of duration Tp. The signal transmitted by the
myth transmit antenna, m; = 1,2, ..., M, is represented by

N-1
T, (t) =V Ey Z b(n)s(t — nTy)e?*™etw,,, (1)
n=0

where F; denotes the transmitted energy per bit per antenna
and w,,, € C is the complex antenna beam weight param-
eter. The digitally pulse-coded waveform s(t) is given by
s(t) = 17 s(Dpr., (t — IT.) where s(l) € {£1/v/L} is the
lth code bit of the code vector sy« 1, and pr.(.) is a square-root
raised cosine (SRRC) pulse with roll-off factor « and duration
T,. where T, = LT, and the bandwidth of the transmitted
signal is 8 = (1 + «)/T.. For clarity in the presentation,
it is assumed that the individual pulses are normalized to
unit energy, f0T° |pre(t)|?dt = 1. The receiver consists of
M,. antenna elements. The receiver antenna-front after carrier

Yag, xi ()]

Fig. 1: MIMO system model.

demodulation of the transmitted signal captures

ra,x1(t) = \/E Z_ b(n)s(t — nTy)H wyy, +i(t) + n(t)

n=0
2
where H € CMe*Mr js a generic MIMO channel matrix
assumed to remain constant over N1} sec,

hii  hig hi,u,

A h271 h2’2 A hQ_VMT
H= . . . ) 3

harn o P2 P, o,

where Ay, m, € C is the complex coefficient of the channel
between the my;th transmit antenna and the m,th receive
antenna. If two transmit antennas m; = 7, j are in the near field
of m, = k, then the phase of h; j and h; j vary significantly.
Commonly, the beginning of the far field is considered at the
distance at which the experienced phase difference is less than
7/8 (Fraunhofer distance). Further on in (2), wy;, € CMt is
the transmitter beam weight vector, n(t) € CM*! denotes a
complex Gaussian noise process that is assumed white both
in time and space, and i(t) € CMr models comprehensively
environmental disturbance of any other form. For a given fixed
bit period n, n = 1,2, ..., N, upon pulse matched-filtering and
sampling over L pulses at each receive antenna element, the
collected values are organized in the form of a space-time
data matrix Y s, «r(n) (see Fig. 1). The data matrix is then
vectorized to

yu, Lx1(n) =Vec{ Yy, xr(n)} =
= VEb(n)(s @ H )way, +i(n) + n(n)

where i(n) and n(n) represent post pulse-matched-filtering
interference and white noise in the space-time receiver domain.

“

III. WAVEFORM OPTIMIZATION FUNDAMENTALS

In this section, we derive the maximum-SINR optimal joint
space-time receiver filter in the M, L product vector space
and we find its output SINR as a function of s (time-domain
code) and wj,, (transmit beam vector), which creates the
foundation for space and time transmit waveform optimization
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(interference avoidance). For the given received space-time
data vector in (4), the space-time receiver matched filter (MF)
is by definition given by

wyr = E{ym,.rx1(n) b(n)} = (s@ H )way,. (5

The compound space-time disturbance i(n) + n(n), as-
sumed to be zero mean for simplicity, has autocorrela-
tion/autocovariance matrix defined by

Ri,,.2FE {(i(n) +n(n)) (i(n) + n(n))H} € CMALxXM-L — (6)

Considering (5) and (6), the space-time maximum SINR
receiver filter becomes

Wiax—siNk = kR (s @ H )wyy,, k € C. 7

We can now calculate the output SINR of the maximum
SINR space-time receiver filter as follows,
2 B{|wh o sine (VED() (s@H )war, )|}
E{|WgaxstNR(i(”)+“(”))|2}

SINR(S, WMt)

= B [soH wy, ] R (s @ H Jway,. ®)

We see, therefore, that the SINR at the output of the maximum
SINR space-time receiver filter for the near-field MIMO link
model under examination is a closed form expression of the
transmit beam weight vector wy;, € C** and the time domain
code vector s € {#1/v/L}*. The next step is to investigate
what waveform design variables wj;, and s maximize the
maximum attainable SINR by the receiver filter for a locally
sensed space-time disturbance-only autocorrelation matrix

K
Ripn = Y (i(k) +n(k) (i(k) + n(k)" (9
k=1

over K samples and estimated MIMO channel state informa-
tion matrix H.

IV. SPACE-TIME WAVEFORM DESIGN

In this section, we develop and describe in implementation
detail the space-first-time-next waveform design method, i.e.,
we first suggest an optimized transmit beam weight vector
wy, and then find the conditionally optimal code vector
s given wjs,. We concentrate first on the space domain
operation. Considering only the /th column of the data matrix
Y, xr(n) in Fig. 1 and following the notation in (2), we
have

yi(n) = VEb(n)s(DH wyy, +i(l,n) + n(l,n) € CMr, 10)

1l e {1,2,..,L}, n € {1,2,..,N}. The space-only distur-
bance autocorrelation matrix is defined by

Rg,, 2 B{(i(ln) +n(ln) ((Ln) +n,n) "} € CxM (1)
the space-only maximum SINR filter is

Wmax—SINR = ka;;HTWJWf, € C]VIT’ ke (C7 (12)

and its output SINR is
SINR(way,) = By (H was, )" RE,L (H 'wyy,) . (13)

By (13) (a quadratic expression in H'w M,, We recognize that
if qspace € CMr is the maximum-eigenvalue eigenvector of
the space domain inverse disturbance autocorrelation matrix
Rf_;;, then the maximum SINR optimal beam weight vector

opt -
Wy, 18 such that

HTW?\ZS = Qspace- (14)

If M; = M, and H € C(Me=M)x(Me=M-) jg fy]] rank, then

W?\Z = im}(HT)quace. (15)

If M, # M, and HH” is full rank (i.e., M, < M,), then we
calculate
wiit = ino(HH" ) Hqpace- (16)

The next step is to search for a binary antipodal code se-
quence s € {£1/+/L}* so that the corresponding final space-
time post-filtering SINR(s, w}’f;f) is maximized. Utilizing (8)
for fixed wy, = wﬁf, the remaining optimization problem
can be written as l

s = argmax { [(s @ HT)w3h'] H R, (s® HT)w]of;f} a17)
se{+1/VL}L ) )
where R, € CM-EXM-L jg the joint space-time disturbance

autocorreation matrix defined by (6). An optimized code
sequence for the given w}’ﬁ: transmit beam vector can be
found by one-dimensional search over 2% candidate code
sequences. The computational complexity of the search is
O(25=1) (the code-vector quadratic optimization problem
is sign insensitive). The overall computational complexity
is O2M}? + (M, L)® + 4M;M,.L + 4M;M, + 25~1). The
separately optimized code and transmit beam weight vectors

soPt, WZ}Z define the interference-avoiding MIMO link wave-

form. Under the assumption that s°P¢, W;)\Zt are made available
to the transmitter within the H and R, ,, channel coherence
time, the output SINR of the joint space-time receiver filter is

conditionally maximized.

V. SIMULATIONS STUDIES AND COMPARISONS

The effectiveness of the suggested MIMO waveform op-
timization technique is demonstrated in this section through
simulation studies. The evaluation metric is the SINR at the
output of the maximum-SINR space-time receiver filter (all
schemes under comparison deploy the corresponding optimal
max-SINR space-time receiver filter, which coincides with
minimum mean-square error optimal space-time equalization.)
To account for disturbance effects, we examine different
combinations of near-field/far-field and spread-spectrum/non-
spread-spectrum interference signals. We evaluate the perfor-
mance of the proposed waveform in scenarios with both light
and dense interference. Specifically, in the light interference
case there are M, /2 interfering transmitters of each interfer-
ence type, while in the dense interference scenario we assume
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Fig. 2: Pre-detection SINR in near-field non-spread-spectrum interference (M; = M, = M;, = 4): (a) Light, (b) dense.
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Fig. 3: Pre-detection SINR in near-field spread-spectrum interference (M; = M, = M,;, = 4): (a) Light, (b) dense.

there are 5M,. interfering transmitters of each interference

type.
Near-field non-spread-spectrum interfering signals are de-
scribed by

i(t) = \/EZ bi[n]p(t — nTy)H way,, (18)

with bandwidth T%, W)y, transmit antennas, bi[n] € {£1},
and H; € CMu*Mr Near-field spread-spectrum interfering
signals are described by

i5(t) = VE2 Y balnlsa(t — nTy)Hy Wy, (19)

where ss(t) = ZlL:_Ol so(D)pr, (t —IT,), with bandwidth T%,

so(l) € {£1/VL}, wyy,, transmit antennas, be[n] € {1},
and Hy € CMez XM

Far-field interfering signals have a directional interference
effect on the M,-element receiver front and, for simplicity
purposes, we model the array response vector as a linear
uniform geometry with inter-element spacing equal to half
the carrier wavelength. More specifically, far-field non-spread-
spectrum interfering signals are described by

ig (t) = \/EZ bs [n]p(t - nTb)hga(93)7 (20)

with bandwidth 7, b3[n] € {+1}, flat-fading coefficient hz €
C, and array response vector a(f3) € CMr with angle of

arrival 03 € (-7, 7). Far-field spread-spectrum interfering
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Fig. 4: Pre-detection SINR in far-field non-spread-spectrum interference (M; = M, = M;, = 4): (a) Light, (b) dense.
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Fig. 5: Pre-detection SINR in far-field spread-spectrum interference (M; = M, = M;, = 4): (a) Light, (b) dense.

signals are described by
is(t) = VEy Z ba[n]ss(t — nTy)hea(fy), Q2
n

where s4(t) = Y17 sa(l)pr, (t — IT.), with bandwidth 7
s4(l) € {#1/VL}, flat-fading coefficient hy € C, and
array response vector a(fy) € CMr with angle of arrival
0y € (=%, %)

In Fig. 2, we study the pre-detection SINR of a MIMO
link with M; = M, = 4 antennas in near-field non-spread-
spectrum interference under no waveform optimization, code
only optimization, transmit beam vector only optimization,
and proposed transmit beam vector optimization followed by
code vector optimization. Fig. 2(a) assumes light interference
scenario under codelength L = 4 or L = 16 where the number

of transmit antennas of each of the M, /2 = 2 interferers is
M;, = 4 and their energy-per-bit-over-NNy value per antenna
is set at 10d B where Ny /2 denotes the power spectral density
of the underlying Gaussian vector noise process assumed to be
white across time and space (antenna points). Fig. 2(b) repeats
the same studies for dense near-field non-spread-spectrum
interference (i.e., 5M, = 20 interferers) with energy-per-bit-
over-NNy value per antenna equal to 15dB. A broad observation
is that the MIMO link easily handles light or dense near-field
non-spread-spectrum interference and the proposed waveform
optimization approach offers 5dB to 8dB gain (depending on
specific scenario and code length) at any transmit-energy-per-
bit per antenna level. For example, a target pre-detection SINR
value equal to 15dB (practically error-free binary phase-shift-
keying decoding) is attained by the proposed space and time
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Fig. 6: Pre-detection SINR in dense interference of all types
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optimization at a 13/35 fraction of the transmit-energy-per-
bit per antenna comparing against no optimization (arbitrary
waveform). As one might expect, for large codelengths, beam
vector optimization only and beam vector optimization fol-
lowed by code vector optimization have about the same pre-
detection SINR yield (Fig. 2(b)).

Fig. 3 repeats the studies of Fig. 2 under the more chal-
lenging scenario of spread-spectrum near-field interference
with codelengths that match the codelength of the main link.
Fig. 3(b), in particular, highlights the difficulty in dealing
with dense near-field spread-spectrum disturbance and the
importance of having sufficiently large codelength to operate
and optimize.

Fig. 4 studies far-field non-spread-spectrum interference
with conclusions similar to the near-field corresponding case.
Fig. 5 studies spread-spectrum far-field interference, regarded
arguably as a simpler case than its near-field counterpart. In-
deed, optimized waveforms handle well dense far-field spread-
spectrum interference even with small codelengths (Fig. 5(b)).

Finally, Fig. 6 adds up all types of interference in their dense
form, that is twenty near-field and twenty far-field non-spread-
spectrum interferers, as well as twenty near-field and twenty
far-field spread-spectrum interferers, all at 15dB energy-per-
bit-over- Ny value per transmit antenna. Given sufficient de-
grees of freedom in the time domain, such as L 16,
the proposed space-first-time-next optimized MIMO waveform
readily attains 10dB or better pre-detection SINR gain.

VI. CONCLUSIONS

We focused on the challenge of creating a dynamic MIMO
wireless link over a fixed frequency band that can avoid
heavy interference. Given a running local estimate of the
disturbance autocorrelation matrix and the MIMO channel

matrix coefficients, we proposed an algorithmic solution that
carries out optimal transmit beam weight vector (space-first)
and pulse code sequence (time-next) design that maximizes the
output SINR of the maximum-SINR joint space-time receiver
filter. Extensive simulations studies evaluated the effective-
ness of the proposed optimum waveform in the presence
of near-field/far-field, spread-spectrum/non-spread spectrum
interference, in both light and dense interference scenarios.
The studies highlighted the ability of the optimized wave-
form to maintain “clean” communications in extreme mixed-
interference environments.
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