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Motivation

e Spectrum is a limited resource. Spectrum sharing can increase the

spectrum efficiency.
* Radar and communication system overlap in the spectrum domain thus

causing interference to each other.
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Motivation

e Matrix completion based MIMO radar (MIMO-MC) [Sun and Petropulu, 14]
is a good candidate for reducing interference at the radar receiver.

* Traditional MIMO radars transmit orthogonal waveforms from their multiple transmit
(TX) antennas, and their receive (RX) antennas forward their measurements to a
fusion center to populate a “data matrix” for further processing.

e Based on the low-rankness of the data matrix, MIMO-MC radar RX antennas forward
to the fusion center a small number of pseudo-randomly obtained samples.
Subsequently, the full data matrix is recovered using MC techniques.

* MIMO-MC radars maintain the high resolution of MIMO radars, while requiring
significantly fewer data to be communicated to the fusion center, thus enabling
savings in communication power and bandwidth.

* The sub-sampling of data matrix introduces new degrees of freedom for system
design enabling additional interference power reduction at the radar receiver.



Existing Spectrum Sharing Approaches

* Avoiding interference by large spatial separation;
* Dynamic spectrum access based on spectrum sensing;

* Spatial multiplexing: MIMO radar waveforms designed to eliminate the
interference at the communication receiver [Khawar et al, 14].

In this work

* We consider spectrum sharing between a matrix completion based MIMO
(MIMO-MC) radar and a MIMO communication system.

 The communication waveforms are designed to minimize the interference to
the radar RX while maintaining certain communication rate & using certain
transmit power.

* Ajoint communication and radar system design is proposed to further reduce
the interference.



ntroduction to the Matrix Completion
MIMO radar (MIMO-MC)

* The received matrix signal at the radar receivers equals
Y, = ypBZA’S + Wy 2 ypDS + W,
o A: CMer*K B: CMrr*K transmit/receive manifold matrices;
« X: CK*K diagonal matrix contains target reflection coefficients;
o S: CMer*L coded MIMO radar waveforms, which are chosen orthonormal;
. fy' path loss introduced by the far-field targets target o
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* DS is low rank it M. g and L>>K.

formulated at the fusion center can be expressed as:
QoY = Qo(ypDS) + QoWp

where €2 is a matrix with binary entries, whose "1"s correspond to
sampling times at the RX antennas, and o denotes Hadamard product.

* Matrix completion can be applied to recover DS using partial entries
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The Coexistence Sighal Model

Consider a MIMO communication system which coexists with a MIMO-
MC radar system as shown below.

Assumptions:

* MIMO radar and communication system use the same carrier frequency;

 Flat fading, narrow band radar and comm signals; 4/"@
* Block fading: the channels remain constant for L symbols; Zfﬁ&YT

* Both systems have the same symbol rate;
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An example of system parameters

Carrier Freq. (f;)

Baseband Bandwidth (w)
Max Symbol rate (£¥)
Transmit power (watt.)
Range resolution

Pulse repetition freq. (PRF)
Unambiguous range
Symbols per pulse (L)

Duty cycle

3550 MHz

10 MHz

20 MHz

750kW [Sanders, 12]
c/(2*fR)=7.5m
20kHz

c/(2*PRF)=7.5 km
512

50%

Carrier Freq. (f;) 3550 MHz
Subband Bandwidth (w) 5-30 MHz
Max Symbol rate (£,¢)  5-30 MHz

Transmit power (watt.) 790 W [Sanders, 12] ) é %
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* The received signals at the MIMO-MC radar and communication RX arei :
0,0y (D) = Q;0[ypDs(D) + e/%2G,x(1) + wr(D)], ‘
ve() = Hx(D) + e/*1iGys(D) + we (D),  VIEN],

where
* [is the sampling time instance, €2, is the [-th column of €2;
e H: CMtc*Mrc the communication channel;
e Gy: CMerXMrc the interference channel from the radar TX to comm. RX;
e Gy: CMec*MrR the interference channel from the comm. TX to radar RX;

* s(l) and x(1): transmit vector by radar and communication system; /‘Q

* ¢/%1l and e/Y2l: random phase jitters Zf ?T T
* Modeled as a Gaussian process in [Mudumbai et al, 07];
« We model a;;~AN(0,042), Vi € {1,2},Vl € {1, ..., L} Collocated MIMO radar
* Typical value of 042 = 2.5 X 1073 [Razavi, 96]; G; ,,,,,,,,, G,
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* Grouping L samples together, we have
QOYR = QO()/IODS + GzXAz + WR), )
Y, = HX 4+ pG;SA; + W, where A; = diag(ej“il, ...,ej“iL),i € {0,1}.

* Based on knowledge of radar waveforms S and G; the communication system can
reject some interference due to the radar via subtraction, but there still is some
residual error due to the random phase jitters

pG;S(A; — 1) = pG;SA,, where A, = diag(jayq, ...,jayL).

* The signal at the communication receiver after interference cancellation equals

~

YC = HX + pGlsAa + Wc.

* Ay is imaginary Gaussian. Capacity is achieved by non-circularly symmetric complex
Gaussian codewords, whose covariance and complementary covariance matrix are
required to be designed simultaneously.

* We consider the circularly symmetric complex Gaussian codewords x(1)~CN(0,R,)).

* The communication system aims at designing the covariance matrix {R,;} to
* Minimize its interference to MIMO-MC radars
* While maintaining certain capacity & using certain transmit power



Spectrum Sharing based on Optimum
Communication Waveform Design

* The total TX power of the communication TX antennas equals
E{Tr(XX")} = ¥/, Tr(Ry;) .

* The interference plus noise covariance is given as
R,; 2 p?02Gs(Ds?(DGY + 021

* The interference covariance changes from symbol to symbol. Thus, dynamic resource
allocation need to be implemented by designing the covariance {R,;}.

* Similar to the definition of ergodic capacity, the achieved capacity is the average over
L symbols, i.e.,

1 —
AC({Rxl}) = Z %zl 10g2|1 + RW%HRleHl-



Interference to the MIMO-MC Radar

* The total interference power (TIP) exerted at the radar RX antennas equals
TIP 2 E{Tr(G,XA,AIX"GI} = ¥i , Tr(G,R,;GH).

* Recall that only partial entries of Y, are forwarded to the fusion center, which
implies that only a portion of TIP affects the MIMO-MC radar.

* The effective interference power to MIMO-MC radar is given as:
EIP £ E{Tr(Qo(G,XA,)(Q0o(G,XA,))")}
=Y TF(GZIRlelzLIl) = Yi=1 Tr(A;G;RG3),
where G,; = A;G, and A; = diag(£2;).

13
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Two Spectrum Sharing Approaches

* In the noncooperative approach, the communication system has no
knowledge of 2. The communication system will design its covariance

matrix to minimize the TIP:
(Po) mingr,yTIP((Ryi}) (St Ximy Tr(Ra) < P oy p 3 e,
AC(R ) = €, (R} >

* In the cooperative approach, the MIMO-MC radar shares its sampling
scheme 2 with the communication system. Now, the spectrum

sharing problem can be formulated as:
(Py) ming JEIP{Ry}) st {Ry} €X

15



Comparison

For any P, and C, the EIP achieved by the cooperative approach in (Py)
is less or equal than that of the noncooperative approach via (Py).

* There are certain scenarios in which the cooperative approach outperforms
significantly the noncooperative one in terms of EIP.
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|
|
|
> | <
e > < ; >
All transmit directions 2 E : E E There are directions
would introduce non- E G E 5 E G E that would introduce
zero interference. < : > zero EIP.
Comm. TX > . Comm. TX >
i Radar RX

Radar RX



Spectrum Sharing based on Joint Comm.
and Radar System Design

* In the first two approaches, the random sampling scheme 2 of MIMO-MC radar
is predetermined.

* The joint design of {2 and {R,;} is expected to further reduce EIP

(PZ) {{Rxl} ﬂ} = arg min Z —1 TI‘(AIGZ leH) () has binary entries;
{Ry1},Q Q2 has large spectral gap;
s.t. {R,} € Xy A= diag(ﬂl),_ fraction of “1”s is p.

* We use alternating optimization to solve (P,)

{R%,} = arg min Y1, Tr(A"*! G,R,,;GY) (1)
Ry3eX,
Q" = al‘g min Y;_; Tr(A;G,RY,G}) (2)

S.t. Al diag(Q,), Q is proper.
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e For the problem (2), it is difficult to find an €2 that has binary entries, a large Qi
spectral gap and a certain percentage of “1”s.

* Noticing that row and column permutations of the sampling matrix would not
affect its singular values and thus the spectral gap, we propose to optimize the
sampllng scheme by permuting the rows and columns of an initial sampling

matrix 2°:
=argminTr(Q7'Q") st Qe p@ H,n=12,... (@)
Q

where the [-th column of Q™ contains the diagonal entries of GZR’;lGH, PQ
denotes the set of matrices obtained by arbitrary row and/or column permutations.

« 0%ais uniformly random sampling matrix, whose fraction of ”1”5 is p. Also, 0°
has large spectral gap [Bhojanapalli and Jain, 14]. Therefore, Q", Vn is proper.

* The brute-force searching for (3) is NP hard. Bylalternately optimizing w.r.t. row
permutation and column permutation on 2", we can solve Q" using a
sequence of linear assignment problems.



Mismatched symbol rates

* In the above, the waveform symbol duration of the radar system is assumed to
match that of the communication system.

* However, the proposed techniques can also be applied for the mismatched cases.

* The communication system only need to know the radar sampling time instances
to construct the EIP.

« If fR < f£, the interference arrived at the radar RX will be down-sampled. The
communication symbols which are not sampled would introduce zero interference power to
the radar RX. Therefore, EIP only contains the communication symbols which are sampled by
the radar RX.

o If LR > L, the interference arrived at the radar RX will be over-sampled. One individual
communication symbol will introduce interference to the radar system in | fR /£ ]
consecutive sampling time instances. Correspondingly, in the expression of the EIP, each
individual communication transmit covariance matrix will be weighted by the sum of
interference channels for | ;X /£.¢ | radar sampling time instances.



Simulations

Gaussian orthonormal waveforms. One target at angle 30° and with reflection
coefficient 0.2+0.1;.

« H is with entries distributed as CN(0,1); G, and G, are with entries distributed
as CN(0,0.1).

e L =32,0%=.01,y% = —30dB, p? = 1000 L/Mt,R,oé = 1073.

* Four different realizations of Q° are evaluate for all the proposed algorithms.

* The obtained R,; is used to generate x(I) = Rl/zrandn(Mt,C, 1).

xl
 The TFOCUS package is used for matrix completion at the radar fusion center.

* EIP and MC relative recovery error (||DS — ]5\S||F/||DS||F) are used as the
performance metrics.

* For comparison, we also implement a “selfish communication” scenario, where
the communication system minimizes the TX power to achieve certain average
capacity without any concern about the interferences it exerts to the radar
system.



Simulations
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Simulations
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Conclusions

* We have considered spectrum sharing between a MIMO communication
system and a MIMO-MC radar system.

* We have proposed three strategies to reduce the interference from the
communication TX to the radar.

* By appropriately designing the communication system waveforms, the
interference can be greatly reduced.

* The joint design of the communication waveforms and the sampling
scheme at the radar RX antennas can lead to further reduction of the
interference.

* |[n future work, we will consider the spectrum sharing problem for MIMO-
MC radar model, where targets are distributed across different range bins.
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