PERFORMANCE ANALYSIS OF QUASI INTEGER LEAST
SQUARES SOLVERS BASED ON SEMIDEFINITE RELAXATION*
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Abstract. We consider a random Integer Least Squares (ILS) problem. This NP-hard problem
naturally arises in digital communications as the maximume-likelihood detection problem. We analyze
two probabilistic quasi-ILS algorithms based on semidefinite relaxations: the SDR algorithm for
binary variables and the PSK algorithm for constant modulus variables. Both algorithms are capable
of delivering a near-optimal solution with a polynomial worst-case complexity. For a general class of
random parameters, we prove that the SDR algorithm provides a constant factor approximation in
terms of the objective value, and this constant factor remains bounded with increasing problem size.
For the PSK algorithm we show that each local maximum of the low-rank semidefinite relaxation
that is feasible for the ILS problem achieves at least a half of the minimum relative objective value,
and for the binary case even yields an exact ILS solution. Our analysis shows that the ILS problem
can be well approximated in polynomial time by the two semidefinite relaxation strategies.
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1. Introduction. Consider the following Integer Least Squares (ILS) problem:
Sits = arg min |ly — \/p Hs|’. (1.1)
seSn

This is a fundamental problem for many practical applications. For example, in
digital communications the maximum likelihood detectors solve problem (1.1) where
the parameters {H,y, p} are defined by the vector channel with input s € C" and
output y € C™:

y=+pHs+v, v~CN(0I). (1.2)

The channel matrix H € C™*™ and noise vector v € C™ are appropriately scaled so
that parameter p signifies the so-called signal-to-noise-ratio per each output dimen-
sion, i.e.:

T (VAL
B VP

where By ¢{-} (Ev{-}) denotes expectation w.r.t. the distribution of H and s (w.r.t.
the distribution of v).

For the most part of this work, we consider problem (1.1) with the feasible set
S = {exp(jo) | ¢ € {27k/M,k =0,...,M — 1}} and its special case S = {—1,+1}.
The ILS problem (1.1) is NP-hard due to the combinatorial structure in S™. For small
problem size {n,m}, the exhaustive search can be used to solve (1.1). However, for
large n,m or |S|, this approach is prohibitively expensive.

Much of the past research was motivated by the desire to obtain an approxi-
mate solution to (1.1) with manageable computational complexity. Unfortunately,
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all existing approaches either exhibit significant performance degradation, e.g. linear
relaxation solvers, or suffer from exponential complexity, e.g. the so-called Sphere De-
coding (SD) algorithm (see [4], [2], [6, Chapter 5] and [30]). For instance, for the binary
feasible set the conventional linear solvers relax the integer constraint s € {—1,+1}"
and impose a penalty term with a weight parameter o:

Stin = arg min [ly —/p Hs|* + o|s|.

This unconstrained problem can be solved analytically. Rounding the solution to the
integer feasible set s € {—1,+1}" leads to

—1
Siin = sign ((p H'H + JI) HTy> , (1.3)

where (-)T denotes matrix transpose (Hermitian transpose for complex matrices), and
parameter 0 = 1,0,00 can be selected to specify various common types of solvers.
While these linear solvers have O(n?) complexity, they suffer from significant perfor-
mance loss as compared to the performance of the exact ILS solver. To improve the
solution of (1.1), one can combine the linear solvers with a limited exhaustive search,
yielding the SD algorithm. More specifically, the SD algorithm first computes the
unconstrained minimum:

s.r = (1/yp) (H'H)  Hiy,

and then performs a local exhaustive search within an ellipsoid centered at s,f.
When p is large the ILS solution is statistically close to s, and the SD algorithm is
quite efficient. However, for small p or for large size problems, this hybrid strategy
still suffers from exponential complexity [10].

Is there an algorithm that can deliver a provably near-optimal solution for prob-
lem (1.1) and yet still has a polynomial time complexity? In this paper we settle
this question in the affirmative. More specifically, we analyze two polynomial time
semidefinite relaxation strategies to solve the ILS problem: i) the SDR algorithm [17]
which is based on a convex semi-definite relaxation of (1.1), and ii) the PSK algorithm
which is based on a non-convex low-rank relaxation of (1.1). Both algorithms have a
polynomial complexity (O(n3-%) and O(n?) respectively).

For a general class of random models (1.2) whereby the entries of {H,v} are inde-
pendent and identically distributed with zero-mean, we show that the SDR algorithm
can achieve near-optimal performance with at most a constant objective value loss
when n, m — oo such that m/n — v for some constant v > 1.

Semidefinite relaxation is a powerful optimization technique that can generate
high quality approximate solutions for nonconvex quadratic optimization problems.
This technique is based on a careful relaxation of the original problem as a convex
semidefinite program. The latter is efficiently solvable by the interior point methods.
Semidefinite relaxation achieved a notable success in solving the NP-hard MAX-CUT
problem [5] in combinatorial optimization, delivering a provable worst-case approxi-
mation quality of 87%. That is, for any weighted graph, the size of the cut gener-
ated by the semidefinite relaxation is at least 87% of the size of the maximum cut.
Semidefinite relaxation can also be shown to provide strong (a constant factor of 2/m)
approximation for the mazimization of a homogeneous convex quadratic function over
the feasible set 8™ = {—1,+1}" [21]. Unfortunately, the ILS problem (1.1) involves
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the minimization (rather than mazimization) of a convex quadratic function over S™.
This renders the existing worst-case semidefinite relaxation bounds in the optimiza-
tion literature inapplicable. In fact, one can construct instances to show that the
worst-case approximation quality of the SDR algorithm can be arbitrarily bad for the
problem (1.1). Will this imply a poor performance of the SDR algorithm for a typical
practical application, e.g. maximum likelihood detection? The answer is no since, in
digital communication, the performance of a detection algorithm is always averaged
over all possible realizations of channel matrix H and noise v. While the average per-
formance is a standard, well-defined benchmark to compare detection algorithms, the
worst-case performance is meaningless since it is always bad regardless of detectors.
In this paper, we show that, for a general class of random channels (1.2), the SDR
algorithm does allow a constant average approximation ratio:

ly — v/p Hssar||”
s < <o), (14)
Yy — \/ﬁ Szls”
where sgq;,- is the output of the SDR algorithm and
_ 11—« _ a:1/337:1a
c(p,y) =1+ 0(p ™), thrca—{a:1/277>1'

It is usually difficult to evaluate performance of an algorithm for a random prob-
lem when size n,m and p are finite and fixed. What is more tractable is to examine
the algorithm’s asymptotic behavior when either n,m or p, or both tend to infinity.
There are two complementary approaches to the asymptotic performance analysis.
The first is to fix n,m and let p — oo. The second approach is to fix the p and
let n,m — oo. The second case is preferable since we can compare the computa-
tional complexity of various algorithms, as well as their asymptotic performance for
large systems. This type of large-system analysis provides a natural way to study the
complexity /performance tradeoff for an algorithm.

The existing large-system analysis of ILS solvers applied to channel detection was
based on two analytic tools: random matrix theory [26,28] and the replica method
from statistical mechanics [7,25]. In this paper we use the Marcenko-Pastur theo-
rem from random matrix theory to analyze the asymptotic performance of the SDR
algorithm. The result of Marcenko-Pastur characterizes the limit of the empirical
eigenvalue distribution of the random matrix H'H when n, m both tend to infinity
while m/n — ~ for some constant . It provides a key to establish the constant factor
optimality of the SDR algorithm. Although our performance analysis is asymptotic,
the exponentially fast convergence of the empirical eigenvalue distribution makes our
results a useful analytical benchmark even for systems of practical size.

For the constant modulus feasible set of the form {exp(j¢)}, we will also consider
an alternative algorithm based on a non-convex low-rank semidefinite relaxation [1],
called the PSK algorithm [14] hereafter. This algorithm is implemented with the co-
ordinate descent strategy on the homotopy of the feasible region of (1.1). When initial-
ized with H H, the remaining worst-case complexity is polynomial, © ((max{n, m})Q) .
Since the PSK algorithm uses a tighter relaxation than the SDR algorithm, it demon-
strates superior empirical performance. However, the resulting tighter relaxation is
not convex. In contrast to the SDR algorithm, theoretical results for this non-convex
relaxation are scarce. In this paper we show that each local minimum of the low-rank
semidefinite relaxation that is feasible for the ILS problem is within a factor of 2 of
the minimum relative objective value, and for the binary case even yields an exact
ILS solution.



4 M. Kisialiou and Z.-Q. Luo
2. Polynomial-time quasi-ILS solvers.
2.1. A convex semidefinite relaxation (SDR algorithm). Denote S};' &

. . n+1
{exp(§®) | ¢; € {2nk/M,k =0,...,M —1},i=1,...,n+1}. For a general set Sj;',
the ILS problem (1.1) allows an equivalent reformulation [17]:

fits & min Trace(QX)

st. X =xxf, xes8y™, (2.1)
where matrix Q and vector x are defined as follows
T T
pHH —./pH'y S
Q= , X = . 2.2
—ypyH |yl 1 22)

Notice that any feasible matrix X in (2.1) is positive semidefinite with all diagonal
entries equal to 1. Let us use diag(X) to signify the vector with entries equal to the
diagonal entries of matrix X, use the notation e to represent the all-one vector and
X > 0 to denote a Hermitian positive semidefinite matrix X. The algorithm [17] re-
laxes the two constraints of (2.1) to {diag(X) = e, X > 0}. This leads to the following
semidefinite relaxation:

fsap(X) = min Trace(QX) (2.3)
s.t. diag(X) =e, X > 0. '
Let X,p: be an optimal solution of (2.3). Various (often randomized) rounding pro-
cedures can be used to generate an estimate of the optimal solution s;;s, see [16,17].
In this work we analyze the following simple rounding procedure for the binary case,
although a more general procedure for a general S}\L/[H set is possible [16]:

e Given X,,;, define Z € C™*" and z € C" such that

Xopt = { ff f ] . (2.4)

e Define a Bernoulli distribution for the i-th entry of x (denoted by xz;), i =
1,...,n:

P{x; = +1} = (1 + Re{z:})/2, (2.5)

P{z; = -1} = (1 — Re{z:})/2, '
where z; is the i-th entry of z and Re{-} denotes the real part of a complex
number.

e Generate a fixed number D of i.i.d. vector samples x4, xq € {—1,+1}"*+! d =
1,..., D, according to (2.5) and last bit set to z, 11 = 1.

o Pick s 4 £ argming xZQxd and set the best achieved objective value:
fsdr £ SidTQSde (2.6)
e Output the objective value fy4,- and the estimate s;q,- (discarding its last bit).

2.2. A non-convex semidefinite relaxation (PSK algorithm). Let us con-
sider a tighter (non-convex) semidefinite relaxation of the ILS problem (2.1). This
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relaxation can deliver superior empirical performance in some cases, although a thor-
ough theoretical analysis is substantially more difficult [14]. Notice that the con-
straint x € ‘S’}\L/[Jr1 implies that each entry x;,i =1,...,n 41, can be represented as
x; = exp(j¢;), where ¢; € {2nk/M |k =1,..., M}. By allowing arbitrary phases, we
can relax the constraint x € S} to {|z;| =1, i = 1,2,...,n + 1}. Define X £ xx.
Then, the relaxed feasible set can be written as {diag(X) = e,rank(X) = 1,X > 0}.
Thus, we obtain the following non-convex relaxation of (2.1):

min Trace(QX)
s.t. diag(X)=e, X >0, (2.7)
rank(X) = 1.

When X is real the problem (2.7) is equivalent to the ILS problem (2.1). For the
complex case, let xg and x; represent the real and imaginary parts of vector x. For
a real symmetric matrix Q the objective function in (2.7) is:

Trace(Qxx') = Trace (Q(XRXL + XIXJ})> = Trace (QX),

where X £ XRXE + XIXJ} = 0. Therefore, the cgmplex r_ank—l constraint X = xx' is
equivalent to the real-valued constraints {rank(X) <2, X > 0}. Thus, the relaxation
of the ILS problem (1.1) with real matrix Q is given by:

min Trace_(QX) -
s.t. diag(X)=e, X =0, (2.8)
rank(X) < 2.

The above relaxation was first considered in [1] as a low-rank semidefinite relaxation
of a Boolean quadratic maximization problem in the context of combinatorial opti-
mization. For applications in digital communications, we shall be interested in this
relaxation for general x € SIT\L/[Jrl set with complex or real Q. For a complex ma-
trix Q we can double the problem dimension and obtain a low-rank relaxation similar
to (2.8).

In this work we use a different formulation when Q is complex. In particular,
define the following set:

UM 2 (x| || =1,Yi=1,...,n+1}.

The feasible set in (2.7) is equivalent to the set given by: {X =xxf,x € U™},
hence, we can write (2.7) in the form

; T
min x'Qx. 2.9
Join x'Q (2.9)
The optimal x can be determined up to a common phase rotation of all entries of x.
We can remove this phase ambiguity by the condition x,; = 1.
The subsequent sections will be devoted to the theoretical performance analysis
of the algorithms based on relaxations (2.3) and (2.9).

3. Performance analysis of the SDR algorithm. In this section we present
the analysis of the probabilistic approximation ratio of objective values for the SDR,
algorithm and the exact ILS solver in a large-system limit with both fixed p and
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p — oo. To facilitate the analysis, we specify model (1.2) with variables s € {—1,+1}"
and assume the entries of H and v are i.i.d. with the following normalization

E{s;} =0, E{|si]’}=1, Vk,
E{Hy} =0, E{|Hy|*}=1/n, Vi, k, (3.1)
E{v} =0, E{luf}=1 Vi

3.1. Approximation ratio. Let fsq. (fiis) denote the objective value of the
SDR algorithm (optimal objective value of the ILS problem), c.f. (2.1) and (2.6):

fsdr % ||.Y - \/ﬁ Hssdr”27 (32)
fils = ||y7\/ﬁHSils||23

where s;4- and s;;; are the outputs of the SDR algorithm and the exact ILS solver
respectively. The approximation ratio of the SDR algorithm fyq,./ firs is always lower
bounded: 1 < fg4r-/ firs- In the worst case, as n, m — oo such that m/n — v (y > 1),
the approximation ratio fsq,/fiis can grow unbounded. However, we will show that
this ratio is bounded in probability, i.e. fsar/fis < c(p,7) for some constant ¢(p, ).

The approximation ratio fsq/ fis depends on the quality of the semidefinite relax-
ation (2.3) and the quality of the subsequent randomized rounding procedure. First,
in Lemmas 3.1 and 3.2 we will analyze the unrounded estimate z in (2.4) produced
by the semidefinite relaxation (2.3). Then, we will analyze the randomized rounding
procedure which generates s;q. from z. Combining the results we can obtain the
desired bound on the approximation ratio (Theorem 3.3).

Due to symmetry, we assume without loss of generality that the vector s = e is
the solution of the ILS problem (1.1). The quality of the relaxation (2.3) is measured
in terms of the distance to the optimal solution: Az £ e — z. When Az = 0, the
randomized rounding procedure generates the correct estimate of the solution so that
Ssqr = s with probability 1. Whenever Az # 0 the randomized rounding procedure
rounds the estimate z to ssq € {—1,+1}" according to the distribution (2.5). Let
|Az||; £ Y, |Az;|. We define the limiting average distance to the optimal solution as

A
Up,y) =, Jim [22]s nZ”l-
m/n—y

(3.3)

We are interested in the rate at which the limiting average distance ¢(p, ) vanishes
with increasing p. In general, as n,m — o0, it is possible to select a deterministic
sequence of parameter realizations {H, v} such that £(p,v) - 0 as p — co. We will
prove that for random choices of {H, v} such event happens with probability 0.

The probabilistic analysis of ||Az||; in the limit n,m — oo is enabled by random
matrix theory which offers a collection of useful results on the asymptotic behavior
of a large random matrix. Consider the random matrix HTTH, where H and T are
statistically independent, H is normalized as in (3.1) and T is a diagonal matrix. The
empirical eigenvalue distribution function for this random matrix is defined as

n

Faan(e) 2~ 37 1 (HITH) < o), (3.4)
i=1

where \; are the eigenvalues and 1{-} is the indicator function. This distribution
is useful for evaluating a random quadratic form u'HTHu, where u is a random
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vector, independent of H and T. As n,m — oo such that v £ lim,, 15, —00 m/m, this
empirical eigenvalue distribution (3.4) converges almost surely [24] to a non-random
limit. In particular, when T = I, this distribution allows a closed-form analytical
density function called Marcenko-Pastur density [18]:

A—a)t(b— )T
2w\ ’

00 = (1) o) + L

where (z)" £ max(0,z), a 2 (1 — \/7)* and b = (1 + ,/7)%

Random matrix theory enables us to analyze the behavior of the randomly gen-
erated SDP (2.3) when its size goes to infinity. To estimate £(p,~y) we use a strategy
similar to [8]. Specifically, we consider the following optimization problem (c.f. (2.3))
for some positive constants o and (3 to be specified later:

folp,a, B) & min Trace(LoX)
s.t. diag(X) =e, X >0,

(3.5)
Trace(RoX) > ﬁ—:,
P
where
H'H —H'He I —e
L ey
Lo = —e'H'H e'H'He ] roTT [ —el n } (3.6)

The objective function in this problem is an equivalent of the objective function
in (2.3) with v = 0, scaled by 1/p. Lemma 3.1 will provide a lower bound on the
optimal objective value of (3.5) and Lemma 3.2 will use it to claim the desired bound
on ||Azl|;.

LEMMA 3.1. Suppose o and (3 in (3.5) are given by

173, ify=1 5= 4+/4, ify=1 3.7)
T2, ify>1 T T 4A/ VAT iy > '

Then, for any~y > 1 and for any p > 0, the optimal objective value of the problem (3.5)
grows linearly with probability 1:

4 4jv||?

by AN L felpaf)
m,n—oo n, m,n— 00

P m/n—y P m/n—y

P =1. (3.8)

The proof of Lemma 3.1 is based on two technical tools: duality theory and ran-
dom matrix theory. In particular, the lower bound on the primal objective fo(p, @, 3)
is derived using Lagrangian duality:

fa < folp, o, B), (3.9)

where f; is the dual objective function evaluated at any dual feasible point. With a
fixed p, we consider the class of randomly generated semidefinite programs (3.5) with
increasing size (n,m — o). It turns out we can construct a sequence of deterministic
dual feasible points for these random SDPs, using only 3 scalar parameters. We
use random matrix theory to compute the asymptotic dual objective value achieved
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by this sequence of dual feasible points. The asymptotic lower bound on fy(p, , 3)
follows from (3.9). The details of the proof are provided in the appendix.

In Lemma 3.2 we relate the optimal solution X, of (2.3) with the lower bound
derived in Lemma 3.1:

Trace(LoXope) < 4[|VII*/p < folp, . B).

This inequality implies that the optimal solution X, of (2.3) can not be feasible for
problem (3.5). Since X, satisfies the first two constraints in (3.5) it should violate
the last constraint Trace(RoX,p:) > Bnp~*. Notice that for X,,; we have

Trace(RoXopt) = 22(1 —z;) =2 ||Az|1, |z] < 1. (3.10)
i=1
This leads us to the desired bound ||Az||; < Bnp~*/2. The details of the proof of
Lemma 3.2 are relegated to the appendix.

LEMMA 3.2. Consider a general class of linear models specified by (1.2) and (3.1).
Suppose vector s = e is the optimal solution, let z be specified in (2.4), and let o and
0 be defined in (3.7). Then, for any v > 1 and for any p > 0, z satisfies

P{E(p,’y)gﬁ}:P m o=zl AL, (3.11)
T s T

where £(p,~y) is defined by (3.3).

Lemma 3.2 provides an estimate of the quality of SDP relaxation (2.3) in terms
of the distance ||Az||;. Recall that for the binary feasible set, the Bernoulli distribu-
tion (2.5) ensures that z; is equal to the expected value of the i-th bit. Thus, we can
view the result of Lemma 3.2 as a bound on the average deviation |Az;| = |1 — z;| of
the mean z; from the optimal solution s; = 1.

To complete the analysis of the approximation ratio of the SDR algorithm we
need to complement the bound (3.11) with an analysis of the randomized rounding
procedure. At the core of this analysis is the following chain of inequalities which
hold in probability for some constant ¢(p,~) when n,m — oo such that m/n — ~:

fuar  Bplfsar} de”Jri(H‘ﬁfﬁ < e(p,m) L,
m m m vp m

where Ep{-} is expectation with respect to the randomized rounding procedure, fsqp
is defined in (2.3), and fsar, fis are given in (3.2). The first inequality holds for
sufficiently large D. For the second inequality, we evaluate the expectation Ep{ fsar}
and show that it can be expressed in terms of fegp, Amax(H'H), and |[Az||;. The
bound in (3.11) and almost sure convergence of Apax(H'H) to (1 + ,/7)? [24] allow
us to claim the second inequality. The third inequality follows from the relaxation
property fsap < fiis and the lower bound [8]:

f

1 il
lim P{= <220 =1, 12
m/n—-y

The result is summarized in the following theorem whose proof can be found in the
appendix.
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THEOREM 3.3. Consider the general class of linear models specified by (1.2)
and (3.1). For any positive constants r,x and v > 1, the SDR algorithm provides a
constant factor c(p,~y) approzimation for the ILS problem in probability:

. fsdr }
lim P <cp, =1,
m,n,D—o0 { fils - <p ’Y)

m/n—»'y,D:T'nlJr"'

where

2(1 2
() =1+ 2D (313)
and «, 3 are giwven in (3.7).

To help appreciate the bound (3.13), let us consider a naive random algorithm
that simply generates a random vector s,,,q € 8™ (independent of H, v) as an estimate
of the solution. This algorithm achieves an objective value of f,.q = ||y — ﬁHsdeQ,
Let m,n — oo such that m/n — v for some ~ (v > 1). It is straightforward to derive

Using the lower bound (3.12), we conclude that such a random algorithm provides
the approximation ratio ¢(p,~y) = 4p + 2 in probability. This bound is worse than the
SDP bound (3.13).

Theorem 3.3 implies that the approximation ratio of the SDR algorithm remains
bounded for large problem sizes.

3.2. Large-p region for a large size ILS problem. So far we have fixed p
and studied the asymptotic performance of the SDR algorithm as n,m — oco. In our
next result, we evaluate the performance of the SDR algorithm by letting p grow with
problem size. Define the following random variable:

i
Aln,mp) & — TV

VP Amin(HTH)
It is shown in [8,9] that the semidefinite relaxation (2.3) is tight (rank-1 solution ma-
trix) when A(n,m, p) < 1, and in that case the ILS problem is solvable in polynomial
time. The result below states the rate at which p needs to grow with n,m — oo
to ensure that the sufficient condition A(n,m,p) < 1 holds with probability 1. The
proof uses the limiting distribution of the minimum eigenvalue of a random matrix
and is relegated to the appendix.

(3.14)

THEOREM 3.4. Consider the linear model (1.2) and (3.1) specified with real or
complex Rayleigh H, i.e. Hy, ~ N(0,1/n), or Hy, ~ CN(0,1/n). Let

| Q(m), when v > 1,
p= Q(m®m*), Ve >0, when~y=1.

Then, the semidefinite program (2.3) has a rank-1 solution:

P lim  A(n,m,p) <1, =1. (3.15)

m,n—o0
m/n—y>1
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4. Performance analysis of the PSK algorithm. In this section, we present
a theoretical analysis of the algorithm based on the low-rank semidefinite relax-
ation (2.9).

The relaxed problem (2.9) has a non-convex feasible set and is NP-hard [15].
In what follows, we analyze the structure of local minimizers for the relaxed prob-
lem (2.9). Problem (2.9) in the homogeneous form is given by

A . 1
z=arg min, Trace(Qxx")

where x, Q are defined in (2.2). Note that a vector x(¢) in U"*! can be parameterized
by an angular vector ¢ = (¢1,...,¢n41)" € R" 1 ie., x; = e/ %,V i. Thus, we have

(X(¢)x(¢)T)ik — I (ej¢k-,)* _ pi(bi—én)
Hence, the original minimization problem (2.9) is equivalent to the minimization of

(
f(¢) & Trace (Q x(¢p)

Let fmax = maxg f(¢) and fmin = ming f(¢) denote the global maximum and min-
1)

x(¢)"), V¢ € R (4.1)

imum values of the objective function (4.1). A vector ¢ is called a §-minimizer, § €

[0,1], if

F(®) = fun _
fmax - fmin o

When the above inequality holds, the function value f(¢) is called a é-minimum.

THEOREM 4.1. Every local minimizer ¢ of (4.1) is a L -minimizer and f(@) is

a &-minimum of (4.1). If in addition x(¢) is feasible for (2.1), then x(¢) is a 3-

maximaizer for the ILS problem.
To prove Theorem 4.1 we need the following lemma:

LEMMA 4.2. For any complex vectors zy, z2, a Hermitian matric W and u €
U™, we have:

(z2021) W(zg02) = Z;(W o (le-‘l—)*)ZQ (4.2)
and
zI Wz, = u'Diag ([W o (zlzi)*} e) u = u'Diag ([W* o (zlzi)} e) u (4.3)
The proof of this lemma is provided in the appendix.

Proof of Theorem 4.1: The Hessian matrix of (4.1) can be expressed in the form:

V2f(¢) =Qo (XXT)* + Q%o (XXT) — Diag ([Q ) (XXT)* + Q%o (XXT)] e) . (4.4)

At a local minimum x = x(¢), the Hessian matrix must be positive semidefinite, so
for any vector u € U"T! we have:

ut (Q o (kxN)* + Q"o (xfﬁ)) u
—uf (Diag ([Q o(xx")* + Q% o (fcch)} e)) u>0. (45)
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The first term of (4.5) can be written according to (4.2) as
al (Qo ()" + Q" o (3%)) u = (ko W) Qx 0w + (%o u) Qo w?).

By (4.3), the second term of (4.5) is equal to 2%'Qx. Thus, for any vector u € U™*!,
we obtain

(xou)fQ(xou) + (xou")Qxou*) —2%'Qx > 0.

Define vectors vi = xou € U, and vo = xou* € U, As u runs through all
possible elements in Ut so does vector v (vo is determined by v; and u). Thus,
inequality (4.5) can be written as

viWv, + viWv, — 25TWx >0, Vv, € U (4.6)

Specializing the above inequality (4.6) at the global minimum v, = arg mingn-+1 VJ{ Wv,
and correspondingly v, = ¥ o X" o X", we obtain

f(x(d) =x1Q% < £ (¥1Qu: +91Qu) <

=9 (fmin + fmaX) i (4-7)

| —

which implies that the following inequality holds:

fx(@) = fmin _ 1

<
fmax - fmin

N

This proves the theorem. [

For binary feasible set and a real symmetric matrix Q, it is possible to strengthen
the claim of Theorem 4.1: any local feasible minimizer is also a global minimizer [1].
This can be easily seen since for the real case minimizer x and quadratic form QJ{Q%
are real, and V] = V5. Thus, we have

vhQ¥ = (¥])1Q¥) = (¥)'QV] = ¥{Qu..
Therefore, inequality (4.7) in the proof of Theorem 4.1 yields

fmin < f(X(é)) < ‘A’IQQI = fmin7

which proves that gf) is a global minimizer.

We caution that the presented analysis does not prove 1/2-optimality of the PSK
algorithm. Our analysis is based on the assumption that the global minimizer belongs
to the feasible set of the ILS problem. It is not clear to what extent this assumption
can be relaxed. Further investigation is required to strengthen the analysis. Numerical
simulations [13] indicate that the assumption holds with high probability. Based on
this, the analysis presented in this paper provides a theoretical justification for the
PSK algorithm.

5. Discussions. The ILS problem is a difficult and yet fundamental problem for
practical applications, such as maximum-likelihood detection in digital communica-
tion. This paper presents a theoretical analysis of two efficient suboptimal approaches
to the ILS problem (1.1) based on semidefinite relaxation. For a general class of
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random linear models, we prove that the SDR algorithm provides a constant factor
approximation ratio. For the PSK algorithm we show that every local minimizer of
the low-rank semidefinite relaxation achieves at least a half of the minimum relative
objective value, and for the binary case even yields an exact ILS solution.

The results in this paper indicate that the ILS problem can be efficiently approx-
imated in polynomial time using semidefinite relaxation. Our analysis provides useful
theoretical support for the good performance/complexity tradeoff reportedly achieved
by the semidefinite relaxation based algorithms in practical applications [16, 17,19,
20,22,31]. From a technical standpoint, the theoretical techniques developed in this
work are likely to be useful in the probabilistic analysis of semidefinite relaxations for
other NP-hard optimization problems, especially when the corresponding worst-case
approximation quality is unbounded.

In a future paper [13], we will present an efficient implementation of the SDR
algorithm based on an optimized dual-scaling interior-point method for the relaxed
semidefinite program (2.3). We will also present a polynomial time implementation of
the PSK algorithm using a coordinate descent strategy on the homotopy of the feasible
region of (2.7). Parameter-sensitive improvements for both algorithm can be achieved
by a dimension reduction strategy and warm start techniques. Extensive numerical
simulations will show that both implementations can achieve near-optimal perfor-
mance at a substantially reduced complexity when compared with either a general
purpose interior point method implementation or the best available implementation
of a sphere decoding algorithm.

Appendix A. Proof of Lemma 3.1.

The proof relies on two analytical tools: duality theory in optimization and ran-
dom matrix theory [28]. The former allows us to obtain a lower bound for the primal
objective value fo(p, a, 3) by the dual objective value at a dual feasible point, while the
latter helps to find a good dual feasible point for a random semidefinite program (3.5).

Let us review two results from random matrix theory that will be needed in the
ensuing analysis. If n,m — oo such that n/m — ~ for a random matrix H with i.i.d.,
zero-mean, variance 1/n entries, the empirical distribution of eigenvalues of H'H
converges almost surely [24] to a non-random distribution Fyyigp(A) with Marcenko-
Pastur density [18]:

X—a)(b— AT

_ V(
gv(N) = (1 =776V + Sy :

(A1)

where (z)* £ max(0,2), a £ (1 — /7)% and b = (1 + ,/7)?. For matrices of the
form M = HTTH7 where T is a random diagonal matrix independent of H, the
asymptotic empirical distribution of eigenvalues Fpi(\) can be described in terms of
its Stieltjes transform [24], defined by:

Sna(z) & / de_(j) (A2)

It is shown in [24] that the Stieltjes transform of the asymptotic empirical eigenvalue
distribution of M = H'TH is a unique solution to the following functional equation:

Sm(z) = (—z+7/m) _1, (A.3)

where Fp(t) is the asymptotic distribution of the diagonal entries of matrix T.
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For the primal semidefinite program (3.5) the dual problem with dual variables
© and G can be written as:

folp.a,) £ max Trace(@) + ur
s.t. LO -G - [,LRO - O7 (A4)

=0,
G is diagonal,

where we used the strong duality of semidefinite programs to claim the dual optimal
objective value is given by fo(p, «, 5). We consider a sequence (as n — o0) of diagonal
matrices G,,41 of dimension n+ 1 parameterized by two scalars 7 and x (to be chosen
later to ensure dual feasibility):

—7I, O
Gni1 = [ o n } (A.5)
The dual objective value of (A.4) at a point {Gy,+1, pu} is defined as
n n
folGrtro1) 2 Trace(Gs) + oy =l = 1) + (A.6)

and serves as a lower bound on fy(p, o, 5) whenever {G, 11, u} is dual feasible. To
ensure dual feasibility of {G, 1,1}, the scalars {7, x} must be chosen to satisfy
Lo — Gp+1 — #Ro = 0. By the definition (3.6), we obtain

{ HH+ (r—wI —(HH- e }}0
—el(H'H —uI)  [|He|® — (x +p)n |

By Schur complement, this is equivalent to the following two conditions:

H'H+ (1 — u)I >0,
{ (A7)

-1
T—x>712lel (HTH +(r — u)I) e.

Since H'H is positive semidefinite, any choice of {7, u} such that 7 > p will satisfy the
first constraint. For a random matrix H the right hand side of the second constraint
in (A.7) is a random variable. Our goal is to select deterministic values for {7, x, 1}
such that the second constraint is satisfied in probability as n,m — oco. This combi-
nation of 7 and x will specify the good dual feasible matrix G,,41 in (A.5) that will
provide the lower bound claimed in Lemma 3.1. Notice that the limit (n,m — 00) in
the right hand side of (A.7) depends only on the asymptotic eigenvalue distribution
of H'H. We can evaluate this limit using the Stieltjes transform (A.2):

T dFgia(N)

lim leT (HTH +(r— u)I>_1 e= /0 j = Sgigp—71). (A.8)

m,;n—o00 g
m/n—y

A—(p—1

We calculate the Stieltjes transform Sgrg(p — 7) using functional equation (A.3):

v >1’y—1—z:|:\/(z+1—'y)2—4z
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where the second step follows from solving the first implicit equation for Sgyigp (2).
Substitute z = u — 7 to obtain:

1 =1 1 v—1\> 4
S —T)=—2— + /[ 1+—— .
w077 = 75 o) 2\/< +T—u> pE—
Since integral (A.8) is non-negative and dual feasibility requires 7 > u, only the plus
sign gives a valid expression in the integral above. Substituting the limit into (A.7)

we conclude that there 3{ng, mg} > 0 such that ¥n > ng,Vm > my dual feasibility of
{G+1, 1t} is achieved with probability 1 if we select {7, x, u} such that

T>p >0, (A.9)

2
-1 -1 4
X—TST— 1—|—7 _\/<1+’y )-i—
2 T— U T— U T— U

For y satisfying the above condition with equality, the asymptotic dual objective
value (A.6) grows linearly:

TnI,’iLQDO fo(puaaﬁ) 2 mlylLrLloo fO(Gn+17M)
mv/nﬂ'y m7/n~>'y
2 4
—x—rpPE_ b, T <1+<—\/(1+c)2+),
p p 2 T—

where ¢ £ % Now we specify the lower bound with constants (3.7). When v = 1,

we select {a, 3,7, 1} such that

2 1 32 3 52
=4V4, o=, T=——, p=——+ :
I} V4, a 3 7 16pa’u 61 p° €, Ve >0

When v > 1, we select {a, 8,7, u} such that

47 1 Bly—1)
6: 771701257727,/1:T+6,V6>0.

For both cases 7 > p satisfies (A.9), and for any fixed p the lower bound on the
objective value is

folp . 8) _ 4y

lim
m,n—00
m/n—-y

+¢€, Ve> 0.

At the same time, by the strong law of large numbers

AP 4y

m,n—oo p
m/n—y P P

P =1

This establishes the desired lower bound with probability 1:

4 2
m,n—00 np m,n—0o0 n
m/n—y m/n—y
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Appendix B. Proof of Lemma 3.2.

The proof follows in part the steps in the proof of Lemma 8.2 in [8]. For large n, m,
we consider a randomly generated problem (2.3) whose optimal solution is represented
in the block form (2.4):

7 =z
XOpt|:ZT 1:|

We will prove (3.11) by contradiction. In particular, if the desired lower bound (3.11)
does not hold, then X,,; must belong to the feasible set of (3.5) with a non-zero proba-
bility. In light of Lemma 3.1, this in turn would imply that the limit of Trace(LoXopt)
is strictly greater than the limit of 4||v||?/(np) with a non-zero probability, which is
a contradiction.

First we notice that for Rg defined in (3.6), there holds

I —e 7 =z -
Trace(RoXopt) Traceq B } { 1 ]) :22(1722-) = 2| Az

eT n

since diag(Z) =eand Az; =1—2,>0, i=1,...,n.
Suppose that the claim in Lemma 3.2 is not true, i.e. under the assumptions of
the lemma we have

P lim [Az]y > P > 0, (B.1)

m,n— 00 n 2pa
m/n—-y

where a and [ are defined in (3.7). That is, Ing such that ¥n > ng we have
P{||Az||1/n > B/(2p%)} > 0. Therefore, according to (B.1) the probability that
matrix X,,; is feasible for (3.5) is not 0:

T X

Pl ol ace®oXon) B
m,n—00 n pe
m/n—y

> 0.

Thus, from Lemma 3.1 we conclude that

2
P Trace(LoXopt) S 4lv]]

m,n—0o0 n n
m/n—vy p

> 0. (B.2)

We will prove that for X,,; this probability should be 0, thus leading to a contradic-
tion. The dual optimization problem for (2.3) can be written as

fsap = max Trace(G)
st. Q-G =0,
G is diagonal,

where G is a dual variable. Matrix Q — G, has at least 1 non-zero eigenvalue
with probability 1'. Thus, for the optimal {X,,¢t, Gopt} the complementary slackness

n fact, the matrix Q — Gopt will have non-zero off-diagonal entries with probability 1.
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condition (Q — Gp)Xopt = 0 implies that X, is rank deficient. Hence, X,,; allows
the following factorization:

wi Ww Wi
XOpt[ uf }[W u]{ u'W  ufu }

Let us express the optimal objective value of (2.3) in terms of W and u:
Trace(QXope) = /5 HW' — yul2 = [[/5 H(W' — eul) - vu|2,

where || - || is the Frobenius norm. Since X, 4+1,,4+1 = 1, we have |juljz = 1, and

\/ Trace(QXop) > [|vp HW' —eul) | — |[v]2. (B.3)

Notice that matrix X = ee' is feasible for (2.3), therefore we have
Trace(QX,pt) < Trace(Qee’) = ||v|3.
This bound combined with the bound in (B.3) leads to
VP H(W' —eul) || < 4||v]j3.

On the other hand, the Frobenius norm in the expression above is related to the
objective function of (3.5):

Iv/p H(W'—eul)| pTrace (WT—euT)THTH(WT—euTD

pTrace MHTHMJ‘Xopt) ,

where M 2 [I — ef]. Notice that Lo = MH'HM', thus

I/ HOW' —eul)|7.  Trace (LoXop) < Al

np n np

Taking the limit n,m — oo,m/n — v, we obtain a contradiction with (B.2). Thus,
the assumption (B.1) is incorrect and the statement of the lemma follows. O

Appendix C. Proof of Theorem 3.3.

In what follows, P{-} and E{-} will denote probability and expectation evalu-
ated with respect to random H, v, s as well as random sampling in the randomized
rounding procedure. Define Pp{-} (Ep{-}) as probability (expectation) with respect
to the distribution of random samples X, in the randomized rounding procedure given
a fixed realization of H, v, and s.

We will show that the following chain of inequalities holds in probability with
respect to the distribution of H,v, and s, as m,n,D — oo such that m/n — 7

and D = a n't" with arbitrary positive constants a, x > 0:
Ep{x} 1 2 »
fsar < D{XdQXd} < fsdp T ( + }1/571) B < C(,O, 7)&7 (Cl)
m m m vp m

where o and (3 are specified in (3.7), and

2
clpy) =1+ W (C.2)
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1) The randomized rounding procedure selects sample x4 that corresponds to the
minimum objective value, that is

— i t
fsdr - léralllélD Xded~
Define M,, £ ED{XLQXd}. Since vector samples x4,d = 1,..., D, are independent,

for any function £(n) we have:

Pp{ fsar>(n)M,} = Pp{x,Qxs>{(n)M,,d =1,...,D} N
_ (PD {x{Qxl > e(n)Mn})D < (6(2)4;4) = (t(n)) ",

where we used Markov’s inequality. Since the above inequality holds for all realizations
of H, v, and s, we obtain

P{foar > L(n) My} < (£(n)) 7.

Select function £(n):

1\ !
Z(n)é<1—nﬁ/2) — 1, as n — oo.
For D = rn'** and £(n) as selected above, the following series is convergent:
0o oo 1 rpttr
-D
S ) T =Y (1-5m) <o
n=1 n=1 n

Therefore, we can apply Borel-Cantelli lemma to obtain

i
P lim sup {@<£(n)w} =1

m,n,D—oo

m m
m/n—Vy,D:rnl*"

which further implies

E i
P m D < pm Ep{x,Qxa}

m,n,D—oco M m,n,D—oo m

m/n—-, D=rnlt" m/n—~, D=rn't"

2) The second inequality in (C.1) is based on a bound on the performance of the
randomized rounding procedure:

n+1 n+1
ED{XLQXd} =Ep Z Qi jriz; + Z Qi 77
i =1,it] i1
n+1 n+1
= Y QijEp{z:i}Ep{x;} + > QiiEp{a}}
i j=TLit im1
n n n+1
Y Qigzizi+2) Qiniizit ) Qi
i=1 i—1

i,j=1,i#j

= [ I]Q[ H+§Qi,i(1—zf). (C.3)
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Using the Schur complement of (2.4) we have zz' < Z, thus
=[5 110 1]
Hence, the first term in (C.3) can be bounded by
[z' 1]Q { f ] < Trace(QXopt) = fedp-

Since —1 < z; < 1, and Az; 2 1 — 2z; > 0, the second term in (C.3) can be bounded
as follows:

IN

¢ m , m ;
=1 =1

_ 2w (H'H) [|Ag]y
= ’y n .

n t n T n
%ZQ“ (1—22) P/\L(HTH)Z(l_Zg) _ PAmax(H'H) (1—z)(1+ 2)

As n,m — oo, m/n — =, the largest eigenvalue of H'H converges almost surely to
(1+,/7)? [3,24]. Lemma 3.2 allows us to bound [|Azl|;. Therefore,

Ep{x! 1 2
p{ g EotxaQxak ) o (EVATOL

min—os  p ~min—oo Yot
m/n—y m/n—-y

3) Since the semidefinite program (2.3) is a relaxation of (2.1), we have foap < fiss.

The third inequality in (C.1) follows from a lower bound on f;;s in probability [8]:
1 ils
lim P{2<fl }:1.

m,n— o0 m
m/n—-y

The convergence with probability 1 of previous inequalities implies convergence in

probability, thus
2(1 2 ;
lim P{f‘“” < <1+( “@ ﬂ) f”s} 1.
m,n,D—oo m ’}/pa_ m

m/n—~, D=rn**"

This proves the approximation ratio claimed in Theorem 3.3. O

Appendix D. Proof of Theorem 3.4.

Let H be an m x n matrix and v be an m x 1 vector independent of H, both are
real or complex, random, such that E{v;} = 0, E{|v;|*} = 1, and H;, ~ N(0,1/n)
or Hy, ~ CN(0,1/n). Define a random variable A(n, m, p), parameterized by m, n,
and p, as

|Ev]e
\/ﬁ Amin(HTH)

The semidefinite relaxation is tight [9] when A(n,m, p) < 1:

A(n,m, p) &

%VTHHTV p

min
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Consider the enumerator in the above inequality, % viHH'v, as n,m — oo. The

empirical distribution of eigenvalues of HH' converges almost surely to a deterministic
distribution with density f,(A), c.f. (A.1):

+ _— —
O

For independent H and v we can use this density to evaluate the limit

1 Hoeo
lim — viHH'v = / A fy(N)dA = 1.
m’/nﬂ'y m 0

Thus, for any v > 0 we have

1
P{ lim —viHHIv=1} =1.
m,n—0o0 m
m/’nﬁ'y
This almost sure convergence holds for both square, v = 1, and rectangular, v >
1, matrices H, while the behavior of the minimum eigenvalue in (D.1) has to be
considered separately.
For Wishart matrices H'H with m/n — >1 the minimum eigenvalue of H'H
converges almost surely [3,23] to:

PY i A (HH) = (51774 =1
m/;L—w>1

Hence, for arbitrary small € > 0 and p = p(m) such that

(m)=
T A
it follows from (D.1) that event {A(n,m,p) < 1} holds almost surely as n,m — oo
such that m/n — v > 1:

m=Q(m),

1>P lim  A(n,m,p) <1p>P{e >0} =1

m,n—00
m/n—y>1

For Wishart matrices H'H with m/n — v = 1, we have the following almost sure
convergence [3] for any € > 0:

P lim 1 =0, =1.
m,n— o0 m2+e/2>\min(HTH)

m/n—y=1

Consider p that grows with m as p(m) = m®m¢, for some small ¢ > 0. Taking limit

in (D.1) as n,m — oo such that m/n — v = 1, we obtain

Hiv|2
12p mlfrlLILlooA(n’m’p) <l,p=P m,n— o0 2|| VL|2
m7/n—>1 m’/n—>1 )‘min(H H)
1 et
> P m Y 2 Y P _Po<1}=1.

mlfrlLILloo 4+4€)2 1 < S5me€
m7/n—>1 m Amin(H H) m=m
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Hence, the choice of p(m) = Q(m>m¢) with arbitrary small ¢ > 0 ensures that
event {A(n, m, p) < 1} holds almost surely as n,m — oo such that m/n —y=1. 0O

Appendix E. Proof of Lemma 4.2.
Equation (4.2) follows immediately if we write both left and right hand sides in
the scalar componentwise form. The left hand side of (4.2) is given by:

(z9 0 zl)TW(ZQ 0z1) = Z(z*{ 025)iWi k(21 022) = sziz;WLkzlszk.
,k ik

Writing the right hand side in the scalar form, we have:
z£ (W o (zlzi)*) Zo = E 25; (W o (zlzJ{)*) L 2= E 25 Wi 121 216 %2k-
K2
ik ik

The sums in (E.1) and in (E.1) are the same, which proves (4.2). To prove equa-
tion (4.3) we use the constraint on the entries of u € Un*1:

u'Diag ([W o (zlzi)*} e) u= Z ;|2 <[W o (zlzl)*} e)i

Z ([W °© (Z1ZJ{)*} e)i =ef (W o (zlzi)*) e (E.I)
= zinl,

where we applied (4.2) in the last step. Notice that (E.1) is a real number for a
Hermitian matrix W. Applying complex conjugation to (E.1) we obtain the second
equality in (4.3):

u'Diag ([W o (zlzi)*} e) u=el (W o (zlzJ{)*> e=cel (W* o (zlzi)) e

= u'Diag ([W* o (zlzJ{)} e) u.
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