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Transmission over MIMO interference channel often
relies on the use of robust precoder due to a lack of
accurate channel state information, with performance
often depending on the conservativeness of the
mismatch model. Previously proposed mismatch models
either have been deemed too conservative
(deterministic models) or are prone to error due to
inaccuracy in the pdf and corresponding parameters
(stochastic models). A deterministic mismatch model,
called \emph{structural mismatch model}, or SMM, is
proposed herein in attempt to alleviate these
problems. Different from all previously
deterministic models, the SMM exploits the inherent
sparse characteristics of MIMO interference channel
in the form of the statistical correlation matrix.

In the context of precoder design for cognitive radio
systems, it is shown analytically and by simulation
that the SMM enables the transmitter to allocate more
transmission power to the sparse elements of the
interfering (SU-Tx to PU) link so that performance in
the communicating (SU-Tx to SU-Rx) link is enhanced
compared to conventional norm ball mismatch model
(NBMMD.
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Abstract

Transmission over MIMO interference channel often relies on the use of robust precoder due to a
lack of accurate channel state information, with performance often depending on the conservativeness
of the mismatch model. Previously proposed mismatch models either have been deemed too conser-
vative (deterministic models) or are prone to error due to inaccuracy in the pdf and corresponding
parameters (stochastic models). A deterministic mismatch model, called structural mismatch model,
or SMM, is proposed herein in attempt to alleviate these problems. Different from all previously
deterministic models, the SMM exploits the inherent sparse characteristics of MIMO interference
channel in the form of the statistical correlation matrix. In the context of precoder design for cognitive
radio systems, it is shown analytically and by simulation that the SMM enables the transmitter to
allocate more transmission power to the sparse elements of the interfering (SU-Tx to PU) link so that
performance in the communicating (SU-Tx to SU-Rx) link is enhanced compared to conventional

norm ball mismatch model (NBMM).
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I. INTRODUCTION

Multiple antennas have recently been exploited to enable efficient transmission over interference
channel in the presence of inaccurate channel state information (CSI). This inaccuracy exists in
the channel state information (CSI) of both the communicating and interfering link due to lack of
estimation accuracy and handshaking. The MIMO interference channel (MIMO-IC) model can be
applied to model a cognitive radio system when secondary users (SUs) and primary users (PUs) are
allowed to transmit simultaneously but the transmission of the SUs are oblivious to the PUs. This
is accomplished by constraining the transmit power at the SU transmitter (SU-Tx) toward the PUs
so that the interference toward the PUs is unnoticeable. In this case, the communicating link in the

MIMO-IC models the channel between the SU-Tx and SU receiver (SU-Rx) while interfering link



models the channel between the SU-Tx and PU. However, performance of such system is hindered
by inaccurate CSI between the SU-Tx and the PU, as well as SU-Tx and SU-Rx, but the channel
estimation error in the former will be greater thus more detrimental to system performance. Although
optimal channel learning time has been derived to maximize the accuracy of the CSI, the accuracy
will undoubtedly be limited by the use of blind channel estimators.

Stochastic and deterministic mismatch models to model mismatch between the actual and estimated
CSI have been incorporated in transmitter [1], [3]-[6], [8], [9] and transceiver [2], [7] designs to
guard against performance loss caused by channel estimation noise. The stochastic model attempts to
model the mismatch in the form of confidence level. In [1], the mismatch terms associated with the
communicating and interfering links are assumed to be independent and identically complex Gaussian
distributed and the transmit power toward the PUs are bounded using a probabilistic constraint. In
[2], only the 15¢ and 29 order statistics about the mismatch terms are assumed known a priori and
that the mean of the transmit power toward the PUs are bounded. However, using the stochastic
model requires the knowledge of the distribution function, or the first and/or second-order statistics
of function of the channel estimate. The optimality of the design will be affected if the assumed pdf
and/or corresponding parameters are incorrect or inaccurately estimated.

In contrast, the deterministic mismatch, or worst-case performance, model assumes a priori knowl-
edge about the maximum error bound and model the error using norm ball. This shall be known
hereafter as norm ball mismatch model or NBMM, which can be generalized to an ellipsoid by
assuming a priori knowledge about the directionality of the mismatch. In the context of cognitive
radio, the deterministic mismatch model has been applied to a wide array of designs, from single
SU and PU robust precoder design [3], [4], multiple SUs and PUs robust precoder design [5], [6],
robust precoder design for multicast signal transmission [8], [9], to robust transceiver design [2], [7].
Unfortunately, the error bound, i.e. radius of the norm ball, that is assumed to bound the energy of
the mismatch is often chosen arbitrarily, thus affecting optimality of the design. By assuming the
channel coefficients and estimation noise are jointly Gaussian, a closed-form equation for the error
bound was given in [10] in which estimation of the Gaussian parameters are required.

Although the above (conventional) stochastic and deterministic models can account for the channel
estimation error in the communicating and interfering links, they are not designed specifically to
take advantage of the potential offered by the MIMO-IC. A deterministic mismatch model called
the structural mismatch model, or SMM, is proposed herein for precoder design at the SU-Tx. The
proposed model allows the secondary transmitter to utilize higher transmit power without violating
the interference constraint placed at the PUs, resulting in enhanced performance for the SUs. This is
achievable because the additional transmit power have been “absorbed”, or allocated, to the sparse

elements in the interfering channel. The design problem aims to maximize the minimum receive



SNR with an average or instantaneous interference constraint of the PU. Even though the single SU
scenario is considered in this project, the proposed model does not preclude the inclusion of multiple
SUs, in which problem formulation and methodology similar to the ones considered in [6] can be
used.

The SMM deals with channel uncertainty by exploiting the structural property, which translates
into sparsity, of the statistical correlation matrix of the channel between the SU-Tx and the PUs. The
structural property refers to the diagonal elements of the spatial correlation matrix which always equal
1. The amount of sparsity which can be exploited for precoder design in cognitive radio systems to
attain higher performance compared to the use of the NBMM will be shown analytically to be equal
to the number of transmit antennas at the SU-Tx times the number of receive antennas at the PU,
1.e. nTnp.

The system model and design metric for the precoder design are given in Sec. II, followed by a
complete exposition of the SMM and formulation of the precoder design problem using it in Sec. III.
Simulation results are presented in Sec. IV and the paper is concluded in Sec. V.

Notations: Upper (lower) bold face letters indicate matrices (column vectors). Superscript 7 denotes
Hermitian, 7 denotes transposition. [A];; denotes the (i, j)! element of A. E[-] stands for statistical
expectation of the entity inside the square bracket. A > 0 and A > 0 mean A is a positive definite
and positive semidefinite matrix, respectively. Iy denotes an N x N identity matrix. Denote 157«
and 1,7 as an M x N matrix and M X 1 vector, respectively, containing 1 in all of their entries. ®
and o denote the Kronecker and Hadamard product, respectively. vec(-) is the vectorization operator.
tr(A) denotes the trace of the matrix A. |||, and ||-|| > denote /> and Frobenius norm, respectively.
R(-) denotes the real part of the argument. R(A) denotes the column space of A. S, denotes a set
of n x n Hermitian symmetric matrices. Apax(A) denotes the maximum eigenvalue of matrix A.

R, /R_ denotes a set of positive/negative real number. |S| denotes the cardinality of the set S

II. SYSTEM MODEL AND DESIGN METRIC
A. System Model

Herein a single SU transmitter and receiver equipped with multiple antenna is considered. All PUs
have np antennas while the SU-Tx and SU-Rx have np and np antennas, respectively. The channel
between SU-Tx and SU-RX, the so-called communicating link, is denoted as H € C™**"T and the
channel between SU-Tx and the k" PU, the so-called interfering link, is denoted as G € C"r*"r,
Orthogonal space-time code (OSTBC) is used to encode the data signal vector s € CB*! at the
SU-Tx containing 4-QAM modulated symbol with equal probability and equal power, i.e. \si\Q =1
Therefore, the received signal matrix at the SU-Rx is Y = HFC+N € C"»*T where F € C"r* B is

CBXT

the precoder matrix, C € is an orthogonal space-time codeword matrix such that CCH = T1Ip,



with T" denoting the number of symbols encoded in time and B denoting the number of data streams
during T, and N € C"#*T is the noise matrix containing zero-mean, independent Gaussian distributed
samples with known variance o2. It is assumed that the noise is uncorrelated with the data signal.
Finally, a maximum likelihood (ML) decoder is employed at the SU-Rx to recover an estimate of the

data signal s € CB*1,

B. Design Metric

Given that OSTBC encoding and ML decoding are used, the reliability of the SU link is evaluated

by the symbol error rate (SER), which is inversely proportional to the receive SNR [10]
T T ~ 2
SNR (Ay) = = [HF|[% = = H (A+an) FH : (1)
(op4 (op4 F

where H and A g denote the estimate and error (or mismatch) matrix of H, respectively, such that
H=H+A H. 02 is the noise power. The proposed robust precoder is formulated by maximizing
the minimum of SNR (Ap), denoted as SNRy,;y, given that the transmit power and interference
constraints are not violated. SNRy,;, is obtained by finding the “worst case” Ay, denoted as AYst
where 6% £ vec (A}é}“) € H, so that SNRi, = SNR (A}é}“) with Hp 2 {(SH] JZBGH < 1}.
B >~ 0 defines the shape and direction of an ellipsoid and it is used to bound Ap. Without a a
priori knowledge of Ay, it is assumed that B = %Inﬂm, implying that the uncertainty model
degenerates back to a norm ball, and it is bounded as HAHH% < E%{. That is, Ay € Hypum =
{AH ‘||AH||% < 6%[ }, where H npaav shall be referred to as the NBMM for H and it shall be
used hereafter to bound the norm of Ag.

Since Gy, will likely be estimated blindly as there is no handshaking between the SU and PUs, two
uncertainty models are proposed hereafter to deal with the expected large degree of estimation error
in Gy. For improved aesthetic, without loss of generality, the subscript  in Gy and its associated
mismatch matrix shall be ignored in the derivation in the following sections, and will only appear in
the final problem formulation.

In the next section, the SMM will be introduced and it will be shown how the interference constraint
is formulated using it. The constraint will be combined with the design metric described in this section
to form the complete formulation of the precoder design. Comparison will be made with the design

using the NBMM for the mismatch between G and its estimate.

III. STRUCTURAL MISMATCH MODEL (SMM) AND PRECODER DESIGN

The Kronecker channel model [15] shall be adopted so that G = RgigGng/j% € Cnrexnr,
Rgr € C" "7 and Rg p € C"7*"7 are spatial covariance matrix at the SU-Tx and PU, respec-

tively. Rg 2 E [vec(G)vecH(G)] = Rgr ® Rgp € C'rrXn1mr s the covariance matrix of



channel matrix G. The entries of G,, € C"**"" are identical and independent complex Gaussian
distributed with zero mean and unit variance. Hence, the average interference power toward the PU

can be written as
E|IGF|}] = E[||(FT @ L,) vee(G)| 3]
=tr ((FF")' ®1,,)Re).

Let Rg = f{G + AR, where f{G denotes the estimate of R¢, and Ap, is its corresponding mismatch

matrix. In the present scheme, the error power is upper bounded such that Ar € U}, with

SMM :
U, = { Al |Aglp < er. AR = AR, [Ag]; =0,Vi}

expressing the proposed SMM, since [R¢];; = 1,Vi due to the use of the Kronecker model.

Notice that U}, is different from the traditional NBMM defined as U% £ { Ag| | Ag||p < er, AR = AR},
where the structural property of R, i.e. [R¢|; = 1, Vi, is not exploited.

Ignoring 012 in (1) and let Ay € H and Ag € U, the precoder F can be computed by solving

~ 2
max min H(H—i—AH)FH
F ApceH F

st tr <<(FFH)T ® InP> (ﬁg i AR)> < O, )

Agrely, tr(FFT) <Py,
where Py, and )y, are the maximum transmit power of the SU-Tx brought about by F and the
interference constraint threshold of the PU, respectively. Denote Q = FF! and Q r=Ql'®I,,,

(2) can be rewritten as

m(gx Arr;iGHHtr ((ﬁ+ AH) Q (ﬁ—i— AH>)

st tr (Qp (ﬁG+AR)) < Quny Ap € U, 3)

tr(Q) < Py, rank(Q) = B, Qr=Q"® I,,.
The use of Uy, allows the precoder to maintain high link reliability for a continuum of all possible
channel covariance mismatches given by U/}, instead of providing such performance for only a fixed
channel covariance matrix. However, the existence of infinite number of constraints also makes finding
the solution impossible. Fortunately, the problem can be bypassed by finding an upper bound for
tr (Qr (Ro + AR) ) of which A € Uj. The result of this bound using U, and U, is stated

'The only difference between the NBMM for H, Hx parar, and U, is the symmetry condition for A g. This is of course
needed because the latter mismatch model is applied to the mismatch matrix associated with a Hermitian matrix. Since the
symmetry condition does not affect the performance of the model, hence, H and 1% shall both be referred to as NBMM

even though they are mathematically different. The confusion should be clarified from the context.



in Theorem 1, which is called the Power Allocation exploiting Sparsity Theorem-SMM, or PAST-
SMM. This name is used because as the theorem will show, more transmit power can be used when
AR € U}, is employed (compared to Z/llb%) as part of the precoder design for cognitive radio systems
because more transmit power can be allocated to the interfering channel without exceeding Qyp,.
Theorem 1: Power Allocation exploiting Sparsity Theorem-SMM (PAST-SMM): An upper
bound for ¢r (Qp (ﬁg + AR)> using
(i) the NBMM defined as UY is

An;zgjb tr (QP <ﬁG + AR>>

o N 4)
=t (QeRo) +en @]
T(QP G)+€R Qp -
and using
(ii) the SMM defined as U}, is
(8 (R 20)

— tr (Qpﬁg> +eR

Ling © QPHF )

where I,n, 2 Loonpxnene — Inpnp-
The amount of sparsity in the SMM that can be exploited by precoder design for performance
improvement equals nrnp.

Proof: The proof of the PAST-SMM is shown in Appendix A. [ |
The result of the PAST-SMM allows for reduction in symbol error rate compared to the use of the
NBMM in [6]. Numerical result corroborating this claim is shown in Sec. I'V.

Therefore, employing semidefinite relaxation [11], in which the rank constraint (3) is removed so

that (3) becomes

R (CEPSLIUEONS)

st tr (pr{g> +eR

inTnp o QPHF < ch’ (6)

tr(Q) < Pun, Qp = Q" ® L.
After the optimal solution for (6) is obtained, the randomization procedure proposed in [8], [14]
can be used to find a precoder matrix, denoted as F°!, which is of rank B. Specifically, randA
method is used, in which F = UgA E, from Q = UgAQUY, where [E];; = ¢/ and 6;; are
independent identical uniform distributed on [0, 27). There is no guarantee, however, that FoP* will
be the same as the solution of (3), but (6) is easier to solve. Two methods are used hereafter to solve

the minimization problem stated in (6).



1) Lower Bound (LB) Method: Instead of directly solving for the solution of the minimization

problem

inr (A an) @B+ ar)).

it is possible to find its lower bound and substitute it into (6). The following theorem will ease the
derivation of the lower bound [3].

Theorem 2: Receive signal is lower bounded by

tr((A+An)Q(H+Aay)) > tr(Qa),
where A 2 HYH + <8%I —2eq HﬁHF) I,... Equality holds iff
Apg =—kH,
rank <ﬁ> =rank (Ag) = rank (F) =1, and
R (ﬁT> =R (AL) =R (F).
Proof: The proof is given in Appendix B. ]
However, the first condition is difficult to achieve as H is supposedly unknown. The second and
third condition cannot be attained without severely diminishing the design freedom of the precoder.

Even if the first condition is satisfied, the solution obtained will still be suboptimal.

Therefore, including PU index g, (6) can be rewritten as

LB + SMM :
ax tr(QA

IIlQX r(QA) 7
s.t.tr (QPﬁG,k) +er || Ingnp © QPHF < Qin, VE

tr (Q) S Pth7QP - QT ® ITLP;
which is a convex SDP.
2) S-Procedure (SP) Method: By hypograph equivalence [13], (6) can be rewritten as

max

Q. 7
st tr(H+ Ap)QH + Ax)T) > 4, VAL € A, "

tr (prig> +en

inTnp S QPH S ch7
F

tr(Q) < Pin.Qr=Q" ®1,,.
Define h £ vec(H), 8y 2 vee (Ay), and Qg 2 QT ® 1. Using the fact that ¢r (XAX) =

x (AT ® I,) x, where X € C™*" A € S,, and vector x = vec(X), the receive signal power can



be expressed as
. ~ H
tr <(H+AH) Q (H+ AH) )

= (h+6n)" (@ @L,) (B+n)

= 5§/Qron + 2% (B Qrdy ) + B Qrh.
The first constraint, which contains infinite number of constraints, can be replaced by a linear matrix
inequality (LMI) via S-lemma [13].

Theorem 3: (S-Lemma): For A; € S, , and ¢; € R, where i € {0,1}, and b € C™. Suppose

Slater condition holds, i.e., 3% € C™ such that X7 A ;% + ¢; > 0, then the following two statement
are equivalent:

() x"TApx + 2R (bHX) +0c9 >0, VxTAix+ ¢, >0.

(i1)) da > 0 such that

Ao — A b
0 A - 0.

bH co — acy

Let x=0x, Ag = QR, A =-B,b= QRE, co = EHQRE — 7, and ¢; = 1. Including the PU

index g, (8) is equivalent to the convex SDP

SP + SMM :
Qmazo |
Q + aB Qrh
s.t. Qf » o (?\R >0,
h"Qr hQrh—a—~ 9)

tr (QPﬁG,k) +er

iTLT’ﬂP o QPHF S chJVk
tr (Q) S Ptha

QR = QT ®InR>QP = QT®ITLP‘

It will be shown in Sec. IV that precoders designed using the proposed SMM, via the lower bound
method (7) and the SP method (9), outperform over those designed using the NBMM defined as L{fz.
As alluded earlier, this is because higher transmit power can be used without violating the interference

constraint due to the existence of the sparse elements in ||I,,,,, © Q pHF induced by Up,.

IV. SIMULATIONS

All simulations employ 4-QAM modulation. One PU is considered hereafter. Simulation results
using the SMM are generated using 2 x 2 Alamouti OSTBC, with B = 2, T = 2, np = 4, and

nr = 2. Without loss of generality, np is assumed to be 1. The channel matrix between the



SU-Tx and PU degenerates to a vector G = gl = ggRg{ % € CY*nr, The average interference
becomes E [HGFHH = tr (FFRg r). The antennas are aligned in an uniform linear array with
half wavelength antenna spacing. The spatial correlation matrix R 7 is generated according to [15],
where the mean angle of departure (AoD) is 65°, and the angular spread (AS) is 25°. The entries of
H are independent and identically complex Gaussian distributed, with zero mean and unit variance.
Uncertainty level e and e have been normalized to have values in the interval [0, 1]. The transmit
power threshold P, is set to 10 and interference threshold )y, is set to 0.1.

To establish the efficacy of the proposed SMM based precoder design, the robust precoders designed
from (7) and (9) are also compared with one designed using the norm ball constraint as stated in Z/{f’{.
Hence, four different cases are compared: LB method with norm ball constraint, LB method with the
SMM (see (7)), S-procedure (SP) method with norm ball constraint, and SP method with the SMM
(see (9)).

Fig. 1 shows the CDF curve of the receive signal power |HF|?. It is clear that the proposed SMM
design enables the SU-Rx to receive higher signal power than the NBMM based methods by about
1.5 dB on average. It is shown in the figure that using the SP method with the SMM outperforms the
channel and covariance constraints based designs proposed in [6] by about 5 and 10 dB, respectively,
when the instantaneous interference threshold in [6] is I;;, = 0.01 or -20 dB. This is again due to

the existence of

inTnP o (3 pHF in (9) which allows for more transmit power to be used without
exceeding @Qyy,. This is verified in Fig. 2 which shows higher transmit power ¢r(Q) are consistently
achieved using the SP method with structural constraint than all other methods. This increase in
receive SNR translates directly into gain in SER as shown in Fig. 3 where the SP and LB methods
with the SMM are able to outperform their NBMM counterparts by 1 and 2 dB, respectively, at SER
=1072

Received Signal Power at SU-Rx
T

LB + norm ball

= = = LB+ SMM

SP + norm ball

= = =SP +SMM
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Received Signal Power at SU-Rx (dB)

Fig. 1. CDF curve of receive signal power ||[HF|| at the SU-Rx. e = 0.1 and ez = 0.3. NBMM herein stands for the
method proposed in [6].



Transmit Power at SU-Tx
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Fig. 2. CDF curve of transmit power ¢r(Q). NBMM herein stands for the method proposed in [6].
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Fig. 3. SER versus SNR performance comparison. ez = 0.1 and eg = 0.3. NBMM herein stands for the method proposed
in [6].

Figures 4 and 5 show the instantaneous interference power toward the PU and the average inter-
ference power toward the PU from the SU-Tx, respectively. The instantaneous interference power is
defined as || GF||%, and the average interference power is defined as E [HGFH%} =tr (FFR¢ ).
From the figures, it is clear that the PU experiences a lower level of interference from the SU-Tx
when the NBMM is used. This is understandable as the higher interference power experienced at
the PU in the SMM based systems translates into higher receive power at the SU-Rx. Even though
higher average interference power is experienced by the PU when the proposed model is used, the
average interference constraint is not violated, i.e. Pr(average instantaneous power < —10dB) ~ 1,
as the average interference power constraint is used as part of the proposed design. However, since

the instantaneous interference power is not used as a constraint in both the NBMM and SMM



based designs, hence, it is possible for both methods to experience instantaneous interference power

exceeding —20 dB (I, = 0.01).

Instantaneous Interference
T - T T
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Fig. 4. CDF curve of instantaneous interference power |GF|| toward PU. eg = 0.1 and eg = 0.3. NBMM herein

stands for the method proposed in [6].
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Fig. 5. CDF curve of the average interference power toward the PU, in terms of tr (FFH RG,T). eg =0.1andeg = 0.3.

NBMM herein stands for the method proposed in [6].

V. CONCLUSION

A mismatch model called the structural mismatch model, or SMM, is proposed for robust interfer-
ence channel transmission when CSI in the communicating and interfering links is inaccurate. The
results were presented in the context of a cognitive radio system in which the SU-Tx is allowed
to transmit simultaneously with the PU, but without causing noticeable interference at the PUs. It

has been shown that precoder design using the SMM can outperform its NBMM counterpart by



2 dB in terms of transmit power and SER, by successfully trading off the interference power, but

without violating the average interference power constraint. Analysis has been included to highlight

the deficiency of the lower bound method. It has been shown analytically in the PAST-SMM that the

performance gain of the SMM comes from allocation of the transmit power to the sparse elements

in the interfering link, where this sparsity is brought forth by exploiting the structural property of

the statistical correlation matrix of the channel in the SMM. It was also proven that the amount of

sparsity available to be exploited by the SMM for precoder design equals nynp.

(@)

(ii)

APPENDIX A

PAST-SMM

Since Q p is Hermitian symmetric, according to the Cauchy-Schwarz inequality, ¢r (Q PA R) <
HQPHF |ARg| p. Equality holds iff Ag and Qp are linear dependent, ie., Ar = kép. In
addition, since ||AR| ; < er, maximum of tr (QPAR> occurs at k = e/ HQPHF Therefore,
maxa ey I (Q PA R) — e HQ pHF Substituting this into the left-hand side of (4) would
equal to the right-hand side of (4).

Denote A" and A’ as the strictly upper and lower triangular portion of matrix A, respectively.

Also denote A? as diagonal portion of A. Note that

tr (QPAR> = tr (Q}%A%) +itr (QéA}g) +itr (Q?DACIQ) = tr (Q}‘)A%) +tr (QQA}‘%) :
(10)

tr (Q%AdR) vanishes because [Ag]; = 0. Due to Hermitian symmetry of Qp, Q% = (Q%),

thus

tr (QpAk) +tr (QpAR) =tr <(Q§D)H A%) +tr ((Q;)H A}g) Can

In U5, Ap is also Hermitian symmetric, i.e., A = (A%)H, implies ||A1}L2H% = HA%HQF =
A RH% /2 < 5% /2. Applying the Cauchy-Schwarz inequality,
-~ \H ~
o ((@h)" ak) < [t ai], (12

Equality holds iff A% and Qf; are linear dependent, i.e., A% = kg()fg. Furthermore, since
HA%H < aR/\/i, the maximum occurs at ky = ER/<\/§‘ Qé"F) and

(@) o) < en], / v2
~ 2 ~
sne 5+

2 T ~k 0O’ O
: = [Torne 0@ na Q5] = s

InTnp o QPHF/ ﬂ so that

e ((Q"?D)HAER) < inT”;OQPHF. (13)

, 1t 1s clear that ng H =
F Qp F




Similarly,

~ H €R inTnP © QPH
tr ((Q}é) A%) < ———F. (14)
Substituting (13) and (14) into (10), it can be concluded that

max tr (QPAR) =€R

REUR

Loon, O QPHF. (15)

Substituting (15) into (5), the second part of the proof is complete.

Comparing (4) and (5) in Theorem 1, and interpreting the result by incorporating these equations into
(2), the existence of HLT”P o Q” removes all the diagonal terms in Q, which allows the corresponding
elements of Q more room to increase when the worst-case SNR is maximized without causing any
constraint violation. This can be interpreted as allowing more transmit power to be used as they are
“absorbed” by, or allocated to, the zeros in HinTnp o QH Hence, the amount of power allocated to
the interfering link equals n7np. Note that this result is similar to the water-filling solution in which
the coefficients of Q serve as the bottom of the subchannel of the effective channel GF, which is
similar to the role the inverse eigenmode coefficients played in the water-filling solution. Hence, (15)
suggests that the use of the SMM allows the removal of some of the coefficients in Q, resulting in

higher transmit power utilization.

APPENDIX B

LINEAR BOUND THEOREM
Corollary 1: For A € C™*" and B € C"*?, then ||[AB|| < ||A||[|B| . Equality is attained
iff rank(A) = rank(B) = 1 and R(AT) = R(B).

Proof: Since
IAB|% = 3" b, |* < 3757 (a2 Ibs112 = A% 1B,
i3 i g

where (a;)H = [a;1- - - aiy] is the 7" row of matrix A and by is j** column of B. From the Cauchy-
Schwarz inequality, equality is attained when a) = kb,;Vi,j, implying that a; and b; are linear
dependent Vi, j. In other words, rank(A) = rank(B) = 1 and R(AT) = R(B). [
Lemma 1 (Reverse triangle inequality): For A,B € C™™, ||[A+ B, > ||Allz — |B]z|.
Equality holds if A = kB, where k € R_.
Proof:

IA +B|7 = [All7 + 2% {tr (BTA)} + |B|I7. > |A|7 — 2|tr (BT A)| + B3,

> Al — 2| Al Bl + IBl7 = (|AlF — IBl#)*



The first inequality is true because — |z| < R(z), Vz € C and the second inequality is true due to
the Cauchy-Schwarz inequality. In addition, for the equality condition of both these inequalities to
be true, it requires that A = kB and k € R_. [ ]

Using the reverse triangular inequality, it follows that
. 2 ~ 2 ~ 2
| (5 ) vl = [+ ur ] = (] - paur) as

where the equality will hold iff Ay = —kH and k£ € R,. Using Corollary 1 and the fact that
B = éInTnR’

[AnF|p < [[AnlpFllp < em[[Flp a7

where the first equality will hold by Corollary 1 iff rank (Ag) = rank (F) =1 and R (A})) =

~ 2 P 2
R (F). Substituting (17) into (16) and expanding, (16) becomes (HHF L~ lanF r) = HHFHF—l—
% |F||% — 2en HﬁFHF |F||» Noting that HI:IFHF < HﬁHF |F|| -, then the above becomes

~ 2 ~ ~ 2 ~
B .+ e — [ Ee] e [+ (< 22 5] e

— tr (FFH (ﬁHﬁ + (e%, - HﬁHF) InT)> .

It should be noted the equality conditions in (16), (17), and (18) will hold iff

(18)

Ay =—kH,
rank (ﬁ) =rank (Ag) =rank (F) =1, and

R (ﬁT) ~R(AL) =R (F).
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SSP is a biannual all-poster workshop. However, there are totally 6 plenary talks provided
in this SSP workshop. The first one is “Xampling at the Rate of Innovation: Correlations,
Nonlinearities, and Bounds” by Prof. Yonina Eldar. “Xampling” is the term related to
sampling at a rate which is lower than Nyquist rate. Then, prof. Robert Ghris introduced
the topic of “Topology Signal Processing”. These two talks are the 2 plenary talks for the
first day. For the second day, Prof. Robert Nowak provided a talk entitle as “Adaptive
Sensing and Active Learning.” Machine learning is a hot topic recently, and the active
learning method can dramatically reduce the number of labeled training examples needed
to design good classifiers. In the afternoon, prof. Persi Diaconis from Stanford University,
who is a former magician, introduced the talk as “Adding Numbers and Determinental
Point Processes.”On the last day, Prof. Yoram Bresler introduced the topic of “The
invention of Compressive Sensing and Recent Results,” which is especially applied to
spectrum blind sampling and image compression. Finally, Prof. Randy Moses shared his
results entitled as “Radar Signal Processing.” can dramatically reduce the number of
labeled training examples needed to design good classifiers.

| am able to present my work on the last day.
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SSP workshop is an all poster workshop, which | can have close contact and interaction
with numerous worldwide scholars and researchers. Through all these interaction, | have
learn a lot of thing and been inspired some thought which can be applied on my own
research problem. Even though I am working the communication and signal processing,
through all poster session, | can view signal processing applied on various application,
such as military radar, medical usage, and image. In signal processing field, machine
learning and compressive sensing attract massive attraction. Almost every sessions are
related to “learning” and “compressive.”
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Although this workshop is not the flagship conference of the signal processing society, but
it has attracted top-notched researcher to attend.  Due to the poster presentation nature
of the conference, it allows for close interaction among the attendees. Thus, as a student,
I highly recommend this workshop to other students.
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Transmission over MIMO interference channel often relies on the use of robust
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precoder due to a lack of accurate channel state information, with performance
often depending on the conservativeness of the mismatch model. Previously
proposed mismatch models either have been deemed too conservative (deterministic
models) or are prone to error due to inaccuracy in the pdf and corresponding
parameters (stochastic models). A deterministic mismatch model, called
\emph{structural mismatch model}, or SMM, is proposed herein in attempt to
alleviate these problems. Different from all previously deterministic models,
the SMM exploits the inherent sparse characteristics of MIMO interference channel
in the form of the statistical correlation matrix. In the context of precoder
design for cognitive radio systems, it is shown analytically and by simulation
that the SMM enables the transmitter to allocate more transmission power to the
sparse elements of the interfering (SU-Tx to PU) link so that performance in the
communicating (SU-Tx to SU-Rx) link is enhanced compared to conventional norm ball
mismatch model (NBMM).




