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Abstract—In this paper, we consider the task of introducing
a new wireless data link over a given occupied frequency band
using a multi-antenna transmitter and receiver. We design for-
mally a dynamic multiple-input multiple-output (MIMO) wireless
link that can coexist in the fixed congested frequency band by
(a) optimally avoiding sensed interference in the joint space-
time domain, and (b) protecting existing links by minimizing its
own transmitted power in the band. In particular, the transmit
beam weight vector and time domain pulse code sequence are
jointly optimized to minimize the transmit energy per bit per
antenna, while maintaining a pre-defined signal-to-interference-
plus-noise ratio (SINR) at the output of the joint space-time
maximum SINR receiver filter. Extensive numerical studies are
carried out to demonstrate the derived algorithmic solution in
light and heavily congested band scenarios with non-cooperative
co-channel links. We show that the proposed autonomously
reconfigurable 4x4 MIMO link outperforms a non-adaptive
transceiver and other forms of waveform shaping in terms of the
pre-detection SINR performance and the capability to protect
ongoing non-cooperative links by not occupying the band with
redundant transmissions.

I. INTRODUCTION

REQUENCY coexistence problems emerge as key chal-

lenges in the realm of modern wireless communication
systems as ever expanding collections of devices compete for
access to limited frequency spectral bands resulting in interfer-
ence, signal degradation, and compromised data integrity [1].
The spectrum sharing predicament is especially pronounced in
densely occupied areas where numerous wireless technologies,
such as machine-to-machine communications [2], Internet-
of-Things [3], mm-wave robotics [4]], and others, coexist
within close physical proximity. Addressing this challenge
requires sophisticated spectrum management strategies [5]],
advanced signal processing techniques [6], and collaborative
efforts to sustain comfortable coexistence of diverse wireless
technologies on shared frequency bands [7].

At a high level of abstraction, spectral occupancy and
interference is broadly handled by licensing. Today we un-
derstand that adaptive radio systems capable of performing
real-time waveform shaping (in msec time scale or better)
can lead to improved utilization of both licensed and unli-
censed spectral bands [8]-[12]. Indeed, in recent years there
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has been a growing interest in the research literature on
spectrum sharing strategies to navigate the complexities of
the contemporary wireless environment [13[-[15]. Wireless
systems of the near future will have elements which adapt
dynamically to changing patterns of interference by adjusting
modulation and signal processing methods in much the same
way that power control [16] is used today. An approach to
maintain wireless connectivity in overloaded network setups
is described in [17] where an optimal algorithm is proposed
to adaptively design sparse waveforms with well-placed en-
ergy that maximize the signal-to-interference-plus-noise ratio
(SINR) at the output of the maximum-SINR linear filter at
the receiver side. On the other hand, multiple-input multiple-
output (MIMO) technology, which is a standard component
in this and next generations of communication systems [18]],
presents unique opportunities to ameliorate the problem of
spectral co-existence by introducing degrees of freedom in
the space domain. In [19], directional transmission/reception
and space-time precoding/filtering is offering flexibility in
waveform shaping and co-existence scenaria [19]]. Directional
space-time waveform design for MIMO configuration is dis-
cussed in [20], in which code sequence and signal angle-of-
arrival (AoA) are jointly optimized to maximize the attainable
SINR for proactive interference avoidance. In [21]], a precoder
is proposed to jointly suppress multiuser interference and
other-cell interference. In [22], multi-antennas at the secondary
transmitter are exploited to effectively balance between spatial
multiplexing for the secondary transmission and interference
avoidance at the primary receivers. The trade-off is studied
from an information-theoretic perspective by characterizing
the secondary user’s channel capacity under both its own
transmit-power constraint as well as a set of interference-
power constraints each imposed at one of the primary re-
ceivers. The work in [23]] proposes an interference avoidance
distributed deep learning model for IoT and device-to-any-
destination communication.

In this paper, we design a new wireless data link to
reside in any occupied fixed frequency band by optimally
avoiding sensed interference and protecting existing in-band
transmissions. We address formally the fundamental problem
of optimizing a MIMO link to achieve a given desired receiver
SINR with minimum transmit power. The proposed solution
takes the form of optimal dynamic joint-space-time shaping



of the transmit waveform for any locally sensed occupancy
autocorrelation matrix upon joint-space-time signal reception.

The rest of the paper is organized as follows. In Section
I, we present the MIMO signal model. In Section III, we
formulate the sensing and optimization problem. In Section
IV, we present the proposed optimum waveform design. Some
conclusions are drawn in Section V.

Notation: (. )", (.)*, and ( . )" denote transpose, conju-
gate, and Hermitian operations, respectively; f () represents
the time average of signal f (¢). Bold upper-case and lower-
case letters denote matrices and column vectors, respectively.
The (i,7)th entry of a matrix A is denoted by a;; or [A],,.
E{ .} denotes statistical expectation; R is the set of real
numbers and Z* the set of non-negative integers; I is the
N x N identity matrix; diag {x1, ©2,...,zp} is the diagonal
M x M matrix with elements z;, ¢ = 1,2,..., M, on the
diagonal; the Kronecker product of two matrices/vectors is
denoted by ®.

II. MIMO SYSTEM MODEL

We consider a generic MIMO system with M transmit
and N receive antennas all in arbitrary formation capable of
establishing a wireless communication link with bandwidth
BW around center carrier frequency f..

We assume deployment of an arbitrary Q-ary digital modu-
lation scheme -for example, quadrature-amplitude-modulation
(QAM)- under which the mth antenna on the transmitter side
emits
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m = 1,2,...,M, where w,, € C is a gain-and-phase
adjustable antenna parameter and the information symbols

s(t—kTy) e etw,, (1)

b[k] € {b1,ba,..., b0}, k =0,1,..., K—1, reside on a digitally
shaped waveform s () of duration Ty,
L—1
s (t) = p(t—IT.), 2)
1=0

created by L > 1 coded repeats, s; € {jzl/\/f, j:j/\/f ,
l=0,...,L — 1, of a square-root raised cosine (SRRC) pulse
p (+) with roll-off factor « and duration T, (i.e., Ts = LT.). In
the model of (1)), (), the bandwidth of the transmitted signal
by each antenna is BW = (1 + «) /T, and each symbol is
transmitted by all antennas m = 1,..., M creating a MIMO
link data rate of 1/T symbols/sec (or log,Q/Ts bits/sec.)
Assumlng that the energy of the individual pulse is unity, i.e.,
fo | dt = 1, the total transmit energy per symbol for
the MIMO link is

M
Br=E) [wnl" 3)

m=1

Enforcing a norm constraint on the beam weight vector w £
[wy, wy, ..., wy]T € CM*1 of the form |[w|* = M implies
that setting each transmit antenna F; = Er/M results in total
system transmit energy per symbol equal to Er.

At the receiver side, after frequency down-conversion, the
signal received by the nth antenna element is modeled by
K-1 M
Un () =D > hmnwmV/Esb[k
k=0 m=1
+in () +wn(t), n=1,...,N,

where h,,, € C represents the mth-to-nth-antenna channel
coefficient that is assumed to remain constant during the du-
ration of the K transmitted symbols, and é,, (t), w, (t) capture
compound interference and additive white Gaussian noise,
respectively, experienced by the nth receive antenna. After
individual pulse-matched filtering over L pulses corresponding
to transmitted symbol k at each receive antenna element n, the
complete symbol decision statistic is comprised of the values

Z hm nWm \/76

N, 1=0,1,..,L —1.

For notational simplicity, we drop the symbol index k and
vectorize (3 to

=EbsH'w+i;+w;, {=0,1,...L—1, (6)

where H € CM*V is the MIMO-formed channel matrix with
elements H[i, j] = h; j, w; € CV is a complex white Gaussian
noise vector with autocorrelation matrix R, = 03) Iy andi; €
C» models comprehensively environmental disturbance of any
other form.

We denote o; = i; + w; as the signal occupancy in the
band sensed at carrier frequency f.. Considering that (6) is
both space and time representation of collected values, we
can organize the space-time data using the code vector sy x1
as

SE-RT)

ynl Sl + 'Lnl k} + Wn,1 [k] s

4)
n=12,..,

YNLx1 = VEsb (s @ H'W) +onpx1

@)
=V Esbg +onrx1,
where
g=s® (H'w) e CNL*1, 8)

and the “space-time occupancy autocorrelation” matrix is

Oy, éE{(ONLx1)(0NLx1)H} € CNEXNE, )
III. JOINT SPACE-TIME WAVEFORM SHAPING
A. Waveform Design Problem

The space-time maximum SINR receiver filter is given as
OJ?CI g. The output SINR of the maximum SINR space-time
receiver filter can be written as a function of the code sequence
and the transmit beam weight vector as follows

£ {ls"ors|
s 2

£ {Jer0; onra '} o
Er E{gHO;clggHO;clg}

Mg {gHO}fONLxlO%LMOEg}

SINR £ E

)



where g = s ® (H"w) € CVE*1 shows the dependency on
code sequence s and transmit beam weigh vector w. Therefore,
it is of interest to investigate waveform designs for a locally
sensed space-time occupancy autocorrelation matrix Oy, .

The purpose of space-time waveform shaping implemented
by the new wireless MIMO link for spectrum sharing is to
optimally maintain a predefined pre-detection SINR value
v (minimum required SINR for successful operation) while
minimizing the total transmit energy per symbol by optimally
selecting the beam weight vector w, pulse code sequence s,
and transmit energy Er. In this way, the transceiver optimally
shapes the transmitted waveform and reception jointly in time
and space to coexist in a congested frequency band in two
manners: (a) optimally avoid sensed interference and distur-
bance by adaptively reshaping the waveform and (b) optimally
protect the neighbor links by minimizing the transmitted power
in the band.

Considering SINR in (I0), the wavefom optimization prob-
lem is given by min Ep subject to the constraint that
SINR (ET) > ~. Since SINR (E7T) is linearly proportional
to ET, this can be written as min FEr s.t. SINR (Er) = 7.
Therefore, we rewrite (10) as

E {gHo;cloNLxloﬁLxlo;;g}

Er (Sa W) =M 1 1
£ {g"0; 'gs"0; s}

(11)
_ M
= 770 Tg

Further, we insert an upper bound on the peak transmit
energy, i.e., Er < Ep7max, wWhere Ep .« is the peak
allowable total transmit energy per symbol. When we cap
the transmit energy, there may be circumstances that the
transceiver is not able to maintain the predefined pre-detection
SINR value of ~. In that scenario, the transceiver refrains from
transmitting and instead maintains co-channel non-cooperative
links that occupy the band, meaning E'r = 0. To differentiate
the two scenarios and formulate the problem, we define the
parameter Ymax as the maximum possible attainable SINR
given a channel matrix H and an occupancy autocorrelation
matrix Oy, . To find the maximum attainable SINR of a given
channel matrix and occupancy autocorrelation matrix, we set
Er = E7 max and we have

E7 max _
Ymax = ,134- (max gHOfclg) ; (12)

where the maximum in (12)) is achieved when g = quax the
maximum-eigenvalue eigenvector of the inverse of joint space-
time occupancy autocorrelation matrix 0;61. Defining A\pax =
qﬂaxOJTC1 dmax as the maximum eigenvalue of O_cl, we have
the maximum attainable SINR as Ymax = E7 maxAmax/M.

By replacing g from (8) in (II), we re-write the waveform
design problem as

Eopt _ . f},M
7 = min g 1 p=
> [s@ (H"w)]" O} '[s @ (H"w)]
st. B < Eromax
L
s e {il/\fL, ij/ﬁ}

weCM, |w|?=M

(13)

B. Joint Space-Time Optimization
The optimization problem succeeds in optimal values to
approximating closely the vector g to the eigenvector qmax,
i.e., we try to solve
. 2
(som, wom) = arg min ||qmax — (s ® HTW) || . (14)
S,W
Therefore, to achieve the optimal space-time waveform shap-
ing, the total transmit energy per symbol is

E;pt —_ {'YM/)\max Y S “Ymax

The upper expression in l| guarantees E;” b < ET max and
implements space-time waveform shaping to maintain mini-
mum required SINR, ~, for spectrum sharing with co-channel
operating links. According to the lower expression in (I3)), we
refrain from transmitting and leave the bandin favor of co-
channel nodes because even with optimal waveform shaping,
it is not possible to maintain vy for successful operation (other
than exceeding E7 max), hence leaving the band in favor of
co-channel nodes. We can prove that a closed-form expression
of w°Pt for any fixed code vector s can be found. We consider
the gradient of the objective function in (I4) with respect to
w!l. We expand the l5-norm and apply the Hermitian operator
to all components inside the first parenthesis,

Vit |tmax — (s @ HY) w]* =
Vi [(qmax — (s®@H") W)H (Amax — (s @ HT) w)} -
Vwr [(@f o — w7 (87 @ H)) (Qmax — (s @ HT) w)(]1.6)

We set the gradient equal to 0 € CM and calculate

— (SH ® H*) Qmax + (SH ® H*) (s ® HT) w = 0prx1-
a7
We solve to obtain

WOpt =nv [(SH & H*) (S & HT)} (SH & H*) Qmax (18)

where (s @ H*) (s @ H”) can be further simplified using
properties of Kronecker product as

opt

mnuv [(SHS ® H*HT)J (SH (%9 H*) Qmax
inv [(1 @ H'HT)] (s” © H*) dmax
= EH") " (s" @ H*) qmax

w

19)



where we consider that s¥s = 1 and H*H7 is invertible if
rank (H) > M. Inserting in (8), we calculate g°?* as

g = (s HT) (H*HT)71 (s” ® H*) dmax
= (s [A7 @ H) 7)) (6 0 1)
= (ssH ® [HT(H*HT)AH*D Amax
= (SSH ® IN><N) Qmax-

Inserting now (20) in (I4), we can find the jointly optimal
code vector s°P! with a simple search

(20)

opt

2
s I

= argmin quax — (SSH @ INxN) Amax
S
= argmin ||[{Inzxnr — (ss” @ Inxn)} qmaxH2
S
(2D

where Qnax is the NL x 1 eigenvector. Algorithm (I) sum-
marizes the proposed joint space-time waveform shaping op-
timization algorithm.

Algorithm 1 Joint space-time waveform shaping

Input: Pulse-filtered interference-plus-noise received sam-
ples; estimated channel matrix H € CMx*N- SINR thresh-
old ~; peak transmit energy E7 ax.

1: Calculate (estimate) space-time occupancy autocorrelation
matrix Oy, in (9).

2: Calculate maximum-eigenvalue eigenvector of Ojl,
Amazx-

3: Find optimum code s°P! by discrete search over @

4: Find jointly optimal beam weight vector w°P! by inserting
s°P! in

5: Find 7,4, by inserting woP* and s°P* in (12).

6: Compare the predefined SINR threshold v with 7,4, and
adjust EP.

Output: E', sort, wort

IV. NUMERICAL STUDIES

We consider a 4 x 4 MIMO system operating in light and
heavily congested frequency bands. We consider an operating
frequency of f. = 900 MHz, 64-QAM modulation and code
sequence lengths of L = 4 and 8. The bandwidth of the
transmitted signal is BW = (1+ «)/T. and the data rate
equivalent is R = log, (@) /LT, bits/second. As explained
in section Il.a, Ep is the total transmit energy per symbol.
For ease of presentation and clarity, we consider Fr as the
total transmit energy per symbol divided by Ny. Therefore, the
values presented as energy are multiples of Ny. For example,
we consider the predefined value of Er .« = 20 ie., the
peak allowable total transmit energy per symbol is 20x Nj.
Providing a realistic value in Joules, we assume thermal noise
is at 300 Kelvin and the bandwidth to be 100 MHz. The
noise power is Ng = K, BT where K, = 1.38064852 x
10~23J.K~! is the Boltzmann constant. Therefore, we have
No = 0.414 x 1072W and Ermax = 4.97 x 107197 if we
consider a symbol duration of 0.6 ns. For setting up the pre-
detection SINR threshold ~ of the new MIMO wireless data

link, we consider the BER performance to be almost 1075,
This is equivalent to v = 18 dB for 64-QAM modulation,
which is fixed in our simulation results. To model the occupied
band, we consider spread-spectrum and narrowband signals
operating at the same frequency band with our MIMO data
link. In particular, these signals are described by

ing (t) =Y _/Eibxg [k]p (t — kT.) H{gwns,  (22)
k

for narrowband signal occupying the band with wyp transmit
beam weight vector over Myp transmit antennas, bnp [k] €64-
QAM alphabet, and bandwidth (1 + «)/Ts. The spread-
spectrum signal occupying the band is

1SS (t) = Z \/Ebss [k] S (t - kTS) HgSWSs, (23)
k

L

5(t) =

l

|
-

sip(t—1ITe), (24)

Il
=)

with 5, € {:I:l/\/f, :I:j/\/f}, wgs transmit beam weight
vector over Mgg transmit antennas, bgg [k] €64-QAM alpha-
bet, and bandwidth L {(1 + «) /T5}.

In Fig. 1a, we study the MIMO system pre-detection SINR
and plot it according to the predefined allowable peak total
transmit energy i.e., B max assuming v = 18 dB and L = 4.
Specifically, we change the value of E7p .« from 1 to 30
times Ny. The band is occupied with narrowband and spread-
spectrum signals with My = Mgss = 4 and E; = 10 dB.
Particularly, we study the MIMO system’s SINR for the cases
of: 1) Joint space-time shaped waveform described in section
III; 2) Space-only shaped waveform in which we consider
a fixed arbitrary code sequence s, while w°?* and E" are
used; 3) Time-only shaped waveform in which we consider a
fixed arbitrary transmit beam weight vector w, while s°?* and
E7* * are used; 4) Arbitrary shaped waveform in which both
s and w are fixed and arbitrary, while E;p tis used; and 5) a
non-adaptive transceiver as a benchmark. We observe that the
joint space-time shaped waveform achieves the highest gain
and then it is followed by the space-only shaped waveform,
time-only shaped waveform, and finally an arbitrary shaped
waveform. Specifically, assuming E7 max = 5.4, we have the
SINR values of 17.81, 16.90, 14.13, and 13.29 respectively
for the above-mentioned cases. It means that a gain of 4.52
dB is achieved for the joint space-time shaped waveform
in compared to arbitrary case. This gain changes to 3.61
and 0.84 dB for space-only and time-only shaped waveforms
respectively. The performance of the non-adaptive transceiver
and arbitrary shaped waveform are the same up until they
achieve the predefined SINR threshold of v = 18 dB. In
comparison to the non-adaptive transceiver, arbitrary shaped
waveform avoids consuming excessive energy transmitted in
band for the SINR regions above 18 dB and adjusts the
total transmit energy to only maintain the SINR threshold.
At the same time, we observe that the proposed joint space-
time shaped waveform maintains the SINR threshold earlier
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Fig. 1: Pre-detection SINR of 4 x 4 optimal waveform shaping
MIMO system (y = 18 dB): (a) L =4, (b) L = 8.

with much smaller values of transmit energy followed by the
space-only shaped waveform and then the time-only shaped
waveform. Particularly, the joint space-time shaped waveform
maintains the SINR threshold at E7 . = 5.68, space-
only shaped waveform at E7 .« = 6.85, time-only shaped
waveform at Ep .« = 13.01, and arbitrary shaped waveform
at B max = 15.64. Further, we increase the code length
parameter L to 8 and observe the changes in Fig. 1b. In
general, the same pattern is repeated for the cases except for
the fact that in general all the gains are improved. Particularly,
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Fig. 2: Optimal total transmit energy per symbol over Ny (4 x
4, v=18 dB): (a) L =4, (b) L =8.

this improvement is much more pronounced for the time-only
shaped waveform. Assuming the same value Er ma.x = 5.4,
the time-only shaped waveform achieves the SINR value of
16.13 dB while the arbitrary shaped waveform achieves 14.49
dB, providing a 1.64 dB gain which is higher than the same
case for L = 4.

In Fig. 2a, we plot E*" ie., the optimal total transmit
energy per symbol over Ny (a parameter of waveform shap-
ing) while we create a dynamic occupied band by chang-
ing/increasing F;, the occupied energy per interferer per



symbol over Ny from 0 dB to 20 dB. Assuming v = 18 dB
and L = 4, we plot the optimal energy for all aforementioned
cases of waveform shaping and a non-adaptive transceiver.
We observe that the adaptive waveform shaping MIMO link
easily outperforms the non-adaptive transceiver by putting
less total transmit energy in the band to maintain the SINR
threshold. In this way, it also protects other users that are
already operating in the band by minimizing the amount of
energy disturbance. As expected, the order of performance is
the same as before with the proposed joint space-time shaped
waveform providing the highest gain followed by space-only
and time-only shaped waveforms. For instance, at a value of
FE; = 8.27 dB, the optimal total transmit energy is calculated
as E9P" = 4.22 for the joint space-time shaped waveform.
This increases to E;pt = 543, 11.29, and 16.19 for space-
only, time-only, and arbitrary shaped waveforms, respectively.
A non-adaptive transceiver typically transmits at the maximum
allowable energy, i.e., Ermax = 20 always occupying the
band with maximum energy. The arbitrary shaped waveform
only is forced to transmit at maximum energy when it cannot
maintain the SINR threshold, i.e., £; > 9.65 dB. This value
changes to E; > 11.03 dB for time-only, E; > 14.48 dB
for space-only, and F; > 15.17 dB for joint space-time
shaped waveform manifesting its higher resistance to share the
spectrum in the heavily occupied band. In Fig. 2b, we depict
the results for L = 8. An overall performance improvement
is observed for all the cases while a pronounced improved
gain is achieved for time-only shaped waveform, as expected.
Ultimately, the joint space-time shaped waveform resists up
to F; = 17.24 dB and demonstrated gains of 2.07 dB when
compared to the same case for L = 4.

V. CONCLUSION

We proposed and evaluated through simulations, in light
and heavily congested band scenarios, spectrum sharing by
a new MIMO wireless data link that (a) optimally avoids
sensed interference in the joint space-time domain, and (b)
protects existing links by minimizing its transmitted power in
the band. Link adaptation is based on the estimated channel
coefficients and sensed occupancy autocorrelation matrix. In
particular, the MIMO transmit beam weight vector and time-
domain pulse code sequence are jointly optimized to minimize
the transmit energy per bit per antenna, while maintaining
a pre-defined SINR threshold at the receiver. We show that
the proposed autonomously reconfigurable 4x4 MIMO link
outperforms a non-adaptive transceiver and other forms of
waveform shaping in terms of the pre-detection SINR perfor-
mance and the capability to protect ongoing non-cooperative
links by not occupying the band with redundant transmissions.
We observe that the proposed joint space-time waveform
shaping is capable of maintaining the SINR threshold required
for the new MIMO data link with much lower transmit
energy when compared to space-only shaped and time-only
shaped waveforms. Furthermore, by increasing the number of
coded repeats of pulses, higher gains are demonstrated by the
proposed space-time shaped waveform.
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