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Executive Summary

The aim of Task 1.2 within the MASCOT project is the design of multiuser space-time
codes, the efficient multiple-input multiple-output (MIMO) multiple access scheme, and
the efficient decoding scheme for multiuser systems. This deliverable provides the relevant
technical contributions and assessment of their performance in quantitative terms with
specific focus on the following topics.

1. (Design of multiuser space-time codes:) Chapter 1 successfully explored the
space-time/frequency coding for multiple-access channels (MACs). Starting from
an information theoretic point of view, the rate-dependent space-time/frequency
code design criteria for fading multiantenna MACs are derived. It is demonstrated
that, depending on the transmission rate tuple, joint designs taking the presence of
multiple users explicitly into account may be necessary. The results allow to identify
the rate regions where, for each user, employing codes designed for the single-user
case is optimal. Also, the number of receive antennas plays an important role in the
code design criteria.

The outage characteristics of correlated Ricean fading, coherent MIMO channels are
analyzed. Finally, Chapter 1 provides a complete characterization of the optimum
diversity-multiplexing tradeoff for correlated Ricean fading MIMO channels taking
into account the existence of the critical rate and thereby establishing the notion of
a critical multiplexing gain.

2. (Design of space-time coded MIMO multiuser transmission scheme:) Chap-
ter 2 considers the downlink of a space-time block coded multiuser MIMO system.
An efficient multiuser transmission scheme is developed, where the threaded alge-
braic space-time block codes and perfect space-time block codes are used to separate
the data streams of the multiple users. After despreading the signal sequence at the
receiver of each user, the maximum likelihood decoding is obtained by a lattice
decoder. This transmission scheme has the advantage of supporting the highest
possible data rate and full diversity of the multiuser MIMO systems.

3. (Joint design of capacity approaching codes and a multiple access scheme:)
From an information theoretic point of view, Chapter 3 provides the analysis of
the extrinsic information transfer function of multi-user detection (MUD) for syn-
chronous Code Division Multiple Access (CDMA) with various loads and the signal
to noise ratio. This transfer function is used to discuss the benefits of putting redun-
dancy into spreading or coding. Finally, it is shown how low-density parity-check
codes can be designed for a specific system.
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4. (Design of a low complexity decoding scheme for a MIMO multiuser
system:) Chapter 4 considers practical relevant issues of low complexity decoding
scheme for an Interleave-division multiple access (IDMA) MIMO system. The IDMA
system has recently been proposed as an alternative to CDMA. The novelty of IDMA
lies in the combination of the low rate channel coding in place of spreading, and soft-
in soft-out multiuser detectors with reduced complexity. User specific interleavers
are used as a tool to seperate users at the receiver. Chapter 4 provides the extension
of the IDMA to MIMO multiuser systems employing spatial multiplexing. An low
complexity iterative receiver for MIMO-IDMA is developed with great potential for
future hardware implementation.
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Chapter 1

MU-MIMO Space-Time Code Design

1.1  Multiuser Space-time Code Design

1.1.1 Introduction

The design of space-time/frequency codes for single-user multiantenna channels has been
studied in great detail [2,3,4,5|. Little is known, however, about space-time/frequency
coding in multiple-access channels (MACs). Past work focuses mostly on employing single-
user space-time codes for each of the users and separating the users in signal space [6] or
canceling multiuser interference [7|. These approaches lead, however, to (significantly, if
the number of users is high) reduced transmission rate |6] or suboptimum performance [7].

A systematic study of the general problem of space-time/frequency code design for
MACs seems to be missing. Filling this gap is the main goal of the present paper. Our
analysis is based on an idea by Gallager [8], used to characterize the error mechanisms in
two-user additive white Gaussian noise (AWGN) MACs. Depending on the transmission
rate tuple, it is shown in [8] that the dominant error event is either one of the two users
or both users being in error. Taking our cue from the results in [8], we can conclude that
the rate regions where single-user error events dominate can be dealt with using space-
time/frequency codes designed for the single-user case, such as those in [2,3,4]. The rate
region where the event of both users (or a subset of the users in the case of MACs with
more than two users) being in error dominates requires, however, new design criteria as
shown in this paper.

An important conceptual difference between the setup in [8] and the case considered
here originates from the fading nature of the channel, which results in two sources of errors,
namely errors due to additive noise (also present in the AWGN case) and errors due to
the channel being in outage. Throughout the paper, we assume that the blocklengths are
large enough for errors due to outage to dominate the error performance.

For the sake of simplicity of exposition, we restrict ourselves to the two-user case.
Comments on the generalization of our results to the case of an arbitrary number of users
will be made where appropriate. Furthermore, we assume that the receiver has perfect
channel state information (CSI).

Contributions: The detailed contributions in this Chapter can be summarized as fol-
lows:
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e We characterize the dominant error event regions for fading multiantenna MACs
and discuss their dependence on SNR and the number of antennas at the receiver.

e Based on the dominant error event regions, we establish space-time/frequency code
design criteria for fading multiantenna MACs.

e We illustrate the value of code designs taking the multiuser nature of the problem
explicitly into account.

Notation: The superscripts 7, # and * stand for transposition, conjugate transposi-
tion and elementwise conjugation, respectively. Iy is the N x N identity matrix, O is
the all-zeros matrix of appropriate size, ||x|| stands for the Euclidean norm of the vector
x and ||Al|, denotes the Frobenius norm of the matrix A. For an M x N matrix A =
[a; ay -+ ay], we define vec{A} = [a] al .- a]TV]T. If .7 is a set, then |.Z| denotes its
cardinality. & [] represents the expectation operator. A multivariate, circularly symmet-
ric, complex Gaussian random vector is a random vector z = x + jy ~ CN (0, X), where
the real-valued random vectors x and y are jointly Gaussian, € [z] = 0, & [zzH ] =3,
and & [zz"] = 0. The notation x <y for x,y € RY with SV xp = SO0y means
that y majorizes x, i.e., > x, <> ye(n =1,2,...,N — 1) for the elements of x
and y being arranged in nonincreasing order. Logarithms are to the base e unless stated
otherwise.

1.1.2 Channel and Signal Models
Channel Model

We assume that each of the two users is equipped with My transmit antennas and the
receiver employs Mg antennas. The matrix-valued fading channel between the two users
and the receiver is assumed frequency-selective fading with the Mg x 2 M7 transfer function
given by

(6]27r€) [Hl (e]27r€) 2<ej27r€)}
L— l
e 20 0<f< 1.

=0

Here, H;(e/2™) = 3"V H,[l]e™72™ (i = 1,2) represents the My x My channel between
user i and the receiver and H[l] = [H;[l] Hy[l]]. The channel is purely Rayleigh fading,
i.e., vec{H;[l]} ~ CN(0,0%1s.01,,) VI for i = 1,2, with the individual taps being uncor-
related (also across users). The path gains o7 are normalized such that Zz o of = 1.
Throughout the paper, the receiver is assumed to have perfect knowledge of both users’
channels, whereas the transmitters do not have any CSI.

Signal Model

For simplicity, we assume an N-periodic signal model, which means that the impact of
the channel on the transmitted signal is described by circular convolution rather than
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linear convolution. Such a signal model is obtained, for instance, when each of the users
employs orthogonal frequency-division multiplexing (OFDM) [9] and the cyclic prefix
(guard interval) length exceeds the channel order. Denoting the number of OFDM tones
as N (where N > 2MrL is assumed throughout), the received vector signal on the nth
tone is given by

P, .o
y(”):1/§H<6]2”W)E(")+Z("), n=0,1,...,N—1

where ¢ = [(cgn))T (cg )) ] with the Mt x N codewords C; [ 0) (1) cl(.N_l)]
(1 = 1,2) transmitted by user i and the noise vector (uncorrelated across tones and users)
z™ ~ CN(0, NoIy,,) Vn.

The codewords C; (i = 1,2) with £[[|C;||%] = N are chosen from the codebook %;
of size M; according to a given probability assignment. We emphasize that although the
users cannot cooperate in selecting their codewords, their codebooks can still be designed
jointly, i.e., the design can take the multiuser nature of the problem explicitly into account
(cf. the last paragraph in Section 1.1.4). This observation will turn out to be crucial later
when dealing with rate tuples that lie in the region where the dominant error event
corresponds to both users being in error.

1.1.3 Characterization of Error Events
Upper Bound on Error Probability

As already mentioned in the introduction, the space-time/frequency code design criteria
will depend on the individual users’ data rates R; (i = 1,2). We therefore need to
first relate the error probability to the rate tuple (R;, Ry). The receiver employs joint
maximum likelihood (ML) decoding according to

_—argmlnz ) _ \/ Heﬂ27r c(”

with C = [CT CT]T and 6 [CT CT}T. An error occurs, whenever the decision is

made in favor of a codeword tuple (Cy, Cs) # (Cy, Cs). In line with the reasoning in 18],
we can identify three types of error events, namely errors of type 1 and 2, where only
the codeword of user 1 or 2, respectively, is in error and of type 3, where both users’
codewords are decoded erroneously. Denoting the corresponding error probabilities as

Py (k=1,2,3), the total average (w.r.t. the random channel) error probability is given
by

P, =P, + Peo + Pes (1.1)

where P, = £ [Peru]. Depending on the desired transmission rate tuple (R, Ry), one of
the three terms in (1.1) dominates the total error probability P,, leading to the dominant
error event regions depicted in Fig. 1.1 and defined as follows: P,, dominates in region
k=1,2,3. If P,; or P, dominate, employing, for each of the two users, codes designed
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for single-user channels is sufficient. Moreover, these codes can be chosen independently
of each other. If P.s dominates, a joint design of the two users’ codebooks is required.
The notion of a joint design will be made precise in Section 1.1.4.

Exact expressions for the error probability in (1.1) as a function of (R, R») are difficult
to obtain so that we resort to the standard upper bound in terms of error exponents.
Setting R3 = Ry + Ry in the remainder of the paper, we obtain

Pek|H S e_NErk(Rk7H)> k= 17 2a 3

where the random coding exponent E,(Ry, H) (k = 1,2,3) is given by

Erk(Rk> H) = 033%(1 mQaX (EOk (’7’, Q, H) - TRk)
with Eox (7, Q, H) being defined (replacing P(Y|C) by P(Y|C,H)) as in [8, Th. 2|. Fur-
thermore, ) denotes the probability assignment on the transmitted codeword matrices.
The probability density function of E,;(Ry, H) (note that H is random) has a nonzero
probability mass at E,,(Ry, H) = 0, because the random coding exponent becomes zero
for all channel realizations H that do not support the desired rate Ry, (due to outage). This
observation, combined with the long blocklength assumption (the blocklength is assumed
large enough so that errors due to additive noise can be ignored [10]) made earlier, results

in (the outage probability)
Py =P(Ex(Re, H) =0) . (1.2)

The Case of Gaussian Codebooks

The purpose of this subsection is to discuss the dependence of the dominant error event
regions on My and SNR = P/Ny. For Gaussian codebooks (which are capacity achieving),
Myr =2, L =1, and various choices of My and SNR, Fig. 1.1 shows the dominant error
event regions (obtained by means of Monte-Carlo simulations from (1.2)).

We observe that for fixed SNR, increasing My results in a reduction of the relative
size of the region where both users are in error (region 3). This is due to the fact that
for large My there are more spatial degrees of freedom and hence, imposing “separation”
through appropriate joint code design is required only for a small set of (high) rates.
From Fig. 1.1, we can infer that this effect is much less pronounced for low SNR, where
the concept of spatial separation is not relevant [11]. In summary, we can conclude that
increasing Mg results in choosing single-user codes for each of the two users being optimal
in a larger fraction of the entire rate region. In case of a general number of users, error
events corresponding to any subset of users being in error can dominate and code design
has to account for that (cf. the last paragraph in Section 1.1.4). Finally, we note that L
has hardly any impact on the shape of the dominant error event regions.

1.1.4 Code Design Criteria

As suggested by the results in the previous section, the code design criteria depend on
the transmission rate tuple (R, Ry). In order to state the general design guideline, we
first need to establish the corresponding rate-dependent code design criteria.



12 MASCOT D1.2.1

We assume that the codeword matrices are composed of elements drawn from finite
scalar constellations. Defining My = |61|, My = |%3| and M3 = M; M,, the corresponding
maximum transmission rates R) (in nats per tone) are given by RY = (1/N)log M;
(k=1,2,3).

The expression in (1.2) does not lead to analytically tractable design criteria. Instead,
we resort to cutoff rates by choosing 7 = 1, which yields

E.x(Ry, H) > Egi(1,Q,H) — Ry, (1.3)

for arbitrary @. Using (1.3) in (1.2), we obtain

> eN<R2—Rk>>, k=1,2,3 (1.4)

2N’M1 Ml—l,M2:M2—1,Mgzﬁlﬁg,ngﬁ,ngaaHd
E; =E = [E] E2T} . The notation C3 # E3 means that both C; # E; and C, # E,.
Furthermore, we define C;, = [c,(g) .. c]iN_l)] and E, = [ ,(g) . e,gN_l)] for
k =1,2,3. The upper bound in (1.4) requires tightening the Correspondmg bound in [12,
Th. 5.6.1|, which is achieved by proper choice of @) (details are omitted due to length

constraints). We are now ready to state

where we define p =

Theorem 1. The error probability Py, (k= 1,2,3) is upper-bounded according to

N—
ZED L EDMEVIRETTY
Cr,Ex p
Cr#Ex

where the x,, are independent x?-distributed random variables with 2Mp degrees of freedom
each and \,(Ry) stands for the nth eigenvalue of the matrix

R; = G(Cy, Ey)G"(Cy, Ey) (1.5)
with the stacked codeword difference matrix

G(Ck, Ek) == [Uo(ck - Ek)T O’lD(Ck - Ek)T
O'L_lDL_l(Ck — Ek)T]

where D = diag) —; {e=72™/N}.

Remark: Note that (1.5) can equivalently be expressed in the “time domain” by defin-
ing C! = C,F and E, = E,F with the N x N FFT matrix [F],,,, = (1/v/N)es2mm/N
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(m,n = 0,1,...,N — 1) and noting that due to unitary equivalence \,(Ry) = A\,(R})
(n=0,1,...,N — 1), where Rl = G/(CL, EL) (G'(C!,EL))" with
G'(C}.E}) = [00(C, —EY" au(Cy ' —E )T
UL—I(CZ_L—H _ EZ—L-i-l)T}
where CZ_Z and Ez_l denote the matrices obtained by cyclically shifting the columns of

C! and E! by [ positions to the right.
Proof. We start by noting that

P(Zn:e—wi > c) < ZH:P@Z < log%>

i=1 i=1

which, when applied to (1.4), yields

N-1
P, < Z P(% Z HHk<ej27r%) (Cl(cn) . elgn)) Hz
n=0

Cr,Ex
Cr#Eg

A straightforward manipulation reveals that the quantity

N-1
5 e o)

has the same distribution as the quadratic form h (R, ®I,/, )h,, with h,, ~ CA(0, I/, n).
Since each nonzero eigenvalue of the matrix (Ry ® I,,) has multiplicity Mg, the proof is
complete.

We shall next consider the high and low-SNR cases, which allows us to formulate
tangible code design criteria.

2

High-SNR Design Criteria
We start with the following

Corollary 2. Define

Pek(R) =P (% z_: XnAn(R) < %Rk> (1‘6>

and let A, Ay € RN be vectors containing the eigenvalues of the positive-semidefinite
matrices Ry and Ra, respectively. If p is large, the following holds

AL 2 A= Py (Ry) < Py(Ry).
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Proof. The corollary is a direct consequence of the Schur-convexity of P (R) in the
vector of eigenvalues A of R for large p [13, Th. 2].
As a consequence of Corollary 2, it can be shown! that (keeping R}, fixed)

lim log Per(R) = —rank{R}Mp
p—oo  logp

which implies that the high-SNR error probability P, is dominated by the codeword differ-
ence matrices Ry with minimum rank. In the high-SNR regime, the space-time/frequency
code design criteria minimizing P, = P,; + P.» + P.s can now be summarized as follows:

1. Given the rate tuple (R;, Ry), determine the type (k = 1,2,3) of error event domi-
nating the overall error probability P,.

2. If the dominant error event is of type k (k = 1,2, 3), the corresponding error prob-
ability P, is minimized by codes that fulfill:

(a) Rank criterion: For every codeword pair (Cy, E;) with C; # Ej the rank of
the corresponding codeword difference matrix Ry, shall be maximized.

(b) Eigenvalue criterion:> For every codeword pair (Cy, Eg) with C;, # E; the
vector of eigenvalues of the corresponding matrix R, shall be majorized by
any other possible choice of eigenvalues.

Before discussing the implications of the design criteria above, we note that space-
time/frequency codes designed for the single-user case according to 2a) and 2b) are also
optimal w.r.t. the classical (rate-independent) space-time/frequency code design crite-
ria [2,3,4|. This can be seen by noting that the product of eigenvalues (i.e., the determi-
nant of Ry) is a Schur-concave function [14, Th. 3.C.1] and hence, an optimum vector of
eigenvalues according to 2b) is optimal w.r.t. the determinant criterion in [2| as well. It
is interesting to observe that a completely different derivation (as compared to [2,3,4])
aiming at minimizing the probability of encountering a bad effective channel® realization
results in essentially the same criteria as those based on pairwise error probability [2,3,4].

Joint code design: If the rate tuple (R, Ry) lies in the dominant error event region
1 or 2, we design codes according to the criteria 2a) and 2b) for each of the two users.
The two codebooks can furthermore be chosen independently of each other. If (Ry, Ry)
lies in region 3, the design criteria 2a) and 2b) have to be applied to the sum of the two
codeword difference matrices R3 = Ry + Ry (joint design). Note, however, that the users
will not cooperate in selecting their codewords. In the case of a general number of users,
the design rule is to apply 2a) and 2b) to the sum of the codeword difference matrices
corresponding to the subset of users leading to the dominant error event.

IThe proof consists of establishing lower and upper bounds on the right-hand side (RHS) of (1.6) and
showing their asymptotic (in p) tightness.

2In the case where not all Ry have full rank, the optimization in this step extends only over the Ry,
with minimum rank.

3By effective channel we mean the physical channel in combination with the space-time/frequency
code.
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Low-SNR Design Criteria

In the low-SNR regime, using the approximation e a~ 1 —x on the LHS of the argument
of P(+) in (1.4), we can state

Theorem 3. For small p (keeping Ry, fixed), the error probability Py, (k= 1,2,3) satis-
fies*

P < <2Xn (Ry) <

where the x, denote independent x?-distributed random variables with 2Mp degrees of
freedom each and \,(Ry) stands for the nth eigenvalue of

blﬂk

(1 - e-NRk)> (1.7)

Rj = — G(Cy, E) G (Cy, Ep). (1.8)

Noting that for small p the RHS of (1.7) is Schur-concave in the eigenvalues A, (Ry),
it follows that in the low-SNR regime, optimum code design amounts to minimizing the
rank of Ry in (1.8), which implies that the rank of each term on the RHS of (1.8) should
be minimized with all terms having the same range space. We note that this result cannot
be obtained by specializing the classical code design criteria in [2,3,4] to the low-SNR
case.

1.1.5 Numerical Example

In the following, we present a numerical example for the high-SNR regime, highlighting
the importance of joint code designs. We consider a two-user system with My = Mg = 2,
N =4and L =1. If 21(i), 25(i) for i = 1,2, 3,4 are the independently chosen QPSK data
symbols of user 1 and 2, respectively, then the codeword matrices for user 1 take the form

_ (1) 2(2) :(3)  wi(4)
7 e w0 —a) 56) 9

which is simply a concatenation of two Alamouti-type [15] codewords. Choosing Cs to be
of the same form as C;, both users’ codes achieve maximum diversity order in single-user
channels. However, such a design does not take the type-3 error events into account, since
the minimum rank of C — E (and hence of Ry = R; + Ry) is two only, e.g., there are
codeword difference matrices that are of the form

C-E-

O X © X
X © X O
o O OO
o O OO

4Note that the inequality in (1.4) becomes approximate as a result of the small-z approximation of

—X

e
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where x denotes a nonzero entry. If instead, we use a joint design obtained by composing
the codewords C, as (obtained by swapping columns 2 and 3 in (1.9) and multiplying
column 3 of the resulting matrix by e=77/%)

C, — (1) xo(3) €_JE£E2(2) Ty

—r3(2) —x3(4) e Vsaz(l) w5(3)
while C; remains unchanged, the resulting codeword difference matrices C — E will have
a minimum rank of three (as opposed to two in the original design), which results in a
higher diversity order for the type-3 error events. Fig. 1.2 shows the corresponding error
probabilities P.3 (obtained through Monte-Carlo simulations). Clearly, the joint design
exhibits superior performance.

1.2 Outage Analysis of Ricean Fading MIMO Channels

1.2.1 Introduction

Analytical approaches for computing the performance limits of multiple-input multiple-
output (MIMO) wireless channels commonly rely on the Rayleigh fading assumption |16,
17,18]. In practice, however, the channel often exhibits a static component, especially
in fixed wireless scenarios [1]|, which suggests a Ricean fading distribution. Despite their
practical relevance, capacity results for Ricean MIMO channels remain scarce. Capacity
bounds for spatially correlated Ricean MIMO channels can be found in [19]. Proper-
ties of the capacity achieving input distribution have been reported in [20,21]. Results
on the eigenvalue distribution of Ricean MIMO channels can be found in [22], and an
asymptotic (in the number of antennas) capacity analysis has been carried out in [23].
Most of the results available in the literature are based on the classical i.i.d. complex
Gaussian assumption for the random component of the channel matrix. For orthogonal
space-time block codes, it was demonstrated in [24] that a more general Ricean MIMO
channel model allowing for correlated entries in the random component of the channel
matrix gives rise to the notion of a critical rate. For data rates below the critical rate,
the fading channel behaves like an additive white Gaussian noise (AWGN) channel and
communication with zero outage is possible. Above the critical rate, the channel exhibits
Ricean fading behavior. A nonzero critical rate is possible only if the correlation matrix
R of the random component of the channel matrix is rank-deficient and the Ricean com-
ponent spans dimensions in the null space of R. The analysis in [24] only covers the case
of Ricean MIMO channels in conjunction with orthogonal space-time block codes, which
turn the MIMO channel into an effective single-input single-output channel.

Contributions: The main theme of the present paper is to establish the notion of a
critical rate for the general MIMO case. Our detailed contributions can be summarized
as follows:

e We compute the critical rate for general Ricean MIMO channels as a function of
the channel statistics.
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e We provide a complete characterization of the optimum diversity-multiplexing (DM)
tradeoff for Ricean MIMO channels taking into account the existence of the critical
rate, thereby establishing the notion of a critical multiplexing gain.

Notation: The superscripts 7, 7 and * stand for transposition, conjugate transposition
and conjugation, respectively. Iy is the N x N identity matrix, 0 is the all-zeros matrix
of appropriate size, and ||x|| stands for the Euclidean norm of the vector x. diag’_ {a,}
is the N x N diagonal matrix with diagonal elements a,. For an M x N matrix A =
[a; as --- ay]|, we define vec{A} = [a] a] --- aMT and ||A||; is the Frobenius norm
of A. &[] denotes the expectation operator. R} stands for the set of all nonnegative real
numbers. A multivariate, circularly symmetric, zero-mean, complex Gaussian random
vector is a random vector z = x + jy ~ CN (0, X), where the real-valued random vectors
x and y are jointly Gaussian, £[z] =0, £[zz"]| =%, and €[zz"] = 0. f(z) and g(z) are

log f(z) _ s log g(z)

said to be exponentially equal, denoted by f(z) = g(x), if lim, ogr = lim,_, o

Exponential inequality, denoted by < and >, is defined analogously. Logarithms are to
the base e unless stated otherwise.

1.2.2 System Model

We consider a point-to-point frequency-flat fading MIMO channel with My transmit and
Mp, receive antennas. The corresponding channel matrix is given by

H=H +RY?*H,

where H = E[H] represents the fixed (static) channel component and RY?H,, with
vec{H,} ~ CN (0,1, ) denotes the zero-mean random channel component. The
Mp x Mpg receive correlation matrix R is of rank r. The transmit antennas are assumed
to fade in an uncorrelated fashion. The input-output relation is given by

y=+pHc+z

where p stands for the signal-to-noise ratio (SNR), ¢ ~ CN(O0, MLTI ay) denotes the Mp-
dimensional transmit signal vector, and z ~ CN(0,1,,) represents the additive noise
vector. Finally, throughout the paper, the receiver is assumed to have perfect knowledge
of the channel, whereas the transmitter does not have any channel state information (CSI),
but is aware of the channel statistics.

1.2.3 The Notion of a “Critical Rate”

Our first main result, summarized in Theorem 4 below, provides an expression for the
critical rate in the general MIMO case and shows that a geometrical interpretation, similar
to the one provided in [24], can be given.

Theorem 4. The mutual information of the Ricean MIMO channel with channel matriz
H =H + RY?H,, can be decomposed as

I = log det <IMT + LBHB) + I
Mr
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where Iy is a nonnegative random variable and B = UTH with U, containing the eigen-
vectors corresponding to the zero eigenvalues of R.

Proof. Based on the eigendecomposition R = UAU? | we define U = [UII Ul],
where U and U, contain the eigenvectors corresponding to the nonzero and zero eigen-
values, respectively, of R. Analogously, we define

o

so that R = U||A+U|1|LI. Since U is a unitary Mg X Mg matrix, we can write
I = log det (IMR + LUHHHHU) . (1.10)
Mr

Letting H,, be an r x My matrix such that vec{ﬁw} ~ CN(0,1,,,) yields

U"H ~ U"H + U"UAY/*H,

_[ui|E] | [aYR,
UIH 0
and hence
AAHT ABHY
H H

where A = Uﬁ{ H-+ Ai/ ’H,, and B = UYH. Therefore, the mutual information in (1.10)
can be expressed as

I+ - AA" L ABY
I =logdet| | " Mz Mz ])
& ({ ZBAY Ly, + % BBY

Employing the Schur complement formula for determinants [25, Thm. 0.8.5], we get

I = log det <IMR_T + LBBH) + I (1.11)
My
where
p P’ p -
It =logdet| I, + -—AAY — Z_ABY” (1. ,+-—BB"| BA?]. 1.12
¢ oge(—irMT M2 (MR +MT ) ( )

Applying det(I + XY) = det(I + YX) to the first term on the right-hand side (RHS)
of (1.11) then yields the desired result. The expression for It in (1.12) can be simplified
by using the matrix inversion lemma [25, Thm. 0.7.4] to obtain

-1
p p
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—1
Noting that the matrix A <I My F MLTBH B) A*H is positive semidefinite, it follows that
It > 0, which completes the proof.

With the outage probability at rate R defined as

Pe(R) = P(I < R)

Theorem 4 implies P.(R) = 0 for R < R, where

Rt = log det (IMT + LBHB) ) (1.13)
My

Equivalently, this result says that for rates below the critical rate, communication with
zero outage is possible, i.e., the fading channel behaves like an AWGN channel. We
infer from (1.13) that the critical rate is the capacity of an effective AWGN channel with
the (Mg — 1) x My transfer matrix B; this effective AWGN channel is determined by
the projection of the range space of H onto the null space of R. In other words, the
effective MIMO channel with transfer matrix B is spanned by those dimensions of H that
are not impaired by fading. The critical rate is equal to zero in the following cases: i)
rank{R} = Mp; ii) H = 0; iii) rank{R} < Mg, H # 0, and U'H = B = 0, i.e., H lies
completely in the range space of R. Similar to [24], one can express the critical rate as a
function of the principal angles [26] between the subspaces spanned by H and by R.

We conclude by noting that in the special case of a multiple-input single-output
(MISO) channel where

P
J:log(1+m ||Hy|§)

the expression for the critical rate in (1.13) can be shown to reduce to the critical rate
computed in [24].

1.2.4 Diversity-Multiplexing Tradeoff

In the following, we provide a complete characterization of the DM tradeoff 27| for Ricean
MIMO channels. We shall see that the concept of a critical rate leads to the concept of
a critical multiplexing gain.

Following [27], we define the diversity gain corresponding to a multiplexing gain of m
as

logP(I <ml
d(m) = — lim og P(I < mlog p)
p—00 log p

The optimality of the i.i.d. Gaussian input distribution with respect to the DM tradeoff
can be established pursuing the same line of reasoning as in [27].

Before tackling the computation of the DM tradeoff curve for the general Ricean MIMO
channel, we need the following Lemma, which states that the presence of a nonzero mean
channel component does not alter the DM tradeoff behavior as long as the random channel
component is i.i.d. complex Gaussian.
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Lemma 5. The outage probability P, of the n x k Ricean MIMO channel with channel
matrir H = H + H,,, where H,, is such that vec{H,,} ~ CN(0,1L,;), satisfies

P.=P (log det (In + LHwaj) < mlog p) .
My

Proof. The key idea of the proof is to show that setting the mean component of any
column vector h; (1 = 1,2,...,k) of H = [hl hy --- hk] to 0 preserves the exponential
order of P,. This result can be applied successively to all columns, thereby establishing
the proof of the general statement. Without loss of generality, we provide the proof for
the first column h;.

The mutual information of the Ricean MIMO channel with channel matrix H can be
written as

I = log det <I +—ZhhH> (1.14)

Defining the nonsingular (w. p. 1) n x n matrix M = I, + - ZZ , h;h!" allows to
rewrite (1.14) as

I =logdet(M) + log(l + Lh{{M_lhl) :
My

Inspired by the fact that the matrix M depends only on the random vectors hy, hs, ... hy,
we express the outage probability P, in terms of a conditional probability according to

P.=E&nyhs,.., [P([<mlogp)h2,h3,...,hk>]

= Ehay., [P(hHM h,

< % (" et (M) = 1) o, i, g ).

Noting that the elements of the vector h; are independent complex Gaussian random
variables with unit variance, but possibly different means, it follows from |28, Eq. (3.1a.4)]
that (conditioned on hy, hs, ..., h;) we have hfM~'h; = >"" )‘Mqu where the y; (i =
1,2,...,n) are independent noncentral x2-distributed random variables with noncentrality
parameters x; and two degrees of freedom each; AJT/[{Z. >0 (i=1,2,...,n) denotes the ith
eigenvalue of M1,

Defining the set .24, conditioned on hy, hs, ... h; as

Gy = {V € (RS)" :Z )\JT/[{Z.UZ'
i=1

< % (0" det(M™") — 1)}
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enables us to write

P, = 5h2,h37~~~,hk {/ Px1,x2,xn (V> dV:|
VE,

where Py, vo....xn (V) follows from [29, p. 76| as

pX17X27---7Xn(V) — He—(%+vi) (Z (4(121‘?;) ) ' (1‘15)

i=1 =0

Next, in order to reveal the exponential order behavior of P,, we set v; = p~® (i =
1,2,...,n) so that the term for [ = 0 in the power series expansion of (1.15) can be seen
to dominate the error probability and therefore

P, = Enyhs,..hy, [/ (log p)"
apTXE,

n
He Xieg=P" % ) azda]
i=1

—aq

where the notation a : p~® € o, means (o, g, ..., Q) : [,0 p2 .. ,0_0‘”] € .

We note that [[1_, e ™ = e lI€ bl* reduces to a constant factor which does not af-
fect the exponential order of P,. Furthermore, the factor (logp)™ has no impact on the
exponential order of P, either, since it grows only logarithmically in p so that

Pe = Shz,h:;,--.,hk / He_piaip_aida : (116>
apTXE

Next, we note that following the same steps as above for £[h;] = 0 would lead to

Pxixarxn (V) = H e "

which upon applying the transformation v; = p=* (i = 1,2,...,n) results in P, satisfy-
ing (1.16). This shows that the presence of a nonzero mean does not affect the exponential
behavior of P,. As mentioned at the outset, successively applying this result to all columns
of H completes the proof.

Since Rt = Merit log p with mey = rank{B}, it follows by inspection that d(m) = oo
for m < mei. We note that

P, = P(It + Ruis < mlogp)
= P(If + Merit IOgP < mlng)
= P(I; < Amlogp) (1.17)

where Am = m — mgy. It remains to determine d(m) for m > megy, which, as a
consequence of (1.17), can be done by characterizing the exponential behavior of

Pr =PIy < Amlogp).
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This will be accomplished by showing that P is exponentially equal to the outage prob-
ability of a zero-mean i.i.d. Gaussian MIMO channel with appropriate dimensions, for
which the DM tradeoff curve has already been characterized in [27].

Lemma 6. The probability Py satisfies

P =P (log det (IMT_b + MLKHK) < Amlog ,0)

T

where b = rank{B}, A = A;1/2U|I|{ﬁVL + H,, with vec{H,} ~ CN(0,1,(r,—p)) and
V| denotes the My x (Mrp — b) matriz containing the eigenvectors of BB = VAVH
corresponding to zero eigenvalues.

Proof. The proof idea is to establish an upper and a lower bound on P, which are
exponentially equal. We start by rewriting I; as

Iy = log det (IT + AV diag { ﬁ } VHAH)
T B.,i

where A\g; = Ni(BfB) (i = 1,2,..., My). Next, we split up the My x My matrix V
according to

V=V V]

where V| denotes the matrix containing the eigenvectors of BB corresponding to the b
nonzero eigenvalues. With the above definitions, we can write

P HAH b P HAH
I; =logdet| I, + —AV VI'A AV diag;_ { ——— » VA" |.
¢ = log de ( + Vo I + I 1agl_1{ MT+p>\B,z} [ )

Since both AV VIA” and AV diagle{p/(MT%—pAB,i)}Vﬁ{AH are positive semidefinite,
we can invoke a Theorem by Weyl |25, Thm. 4.3.1] to lower-bound I; according to

It > log det (IT +LAav, vH AH) . (1.18)
My
On the other hand, Iy can be upper-bounded using m < ﬁ and resorting again
to the result by Weyl [25, Thm. 4.3.1] to obtain
I; < log det (IT + MLAVlVf A" 4 AV diagl {A5L} VI AH) . (1.19)
T

The last term inside the argument of the RHS of (1.19) is independent of p. Therefore,
in the p — oo limit, the upper and lower bounds (1.18) and (1.19) coincide, which yields

P =P (log det <IT + MLAVlvf AH) < Amlog ,0) .
T



WP-1 23

The matrix product AV can be expressed as
AV, ~ UHV, + AY°H,

where we exploited the fact that ITIwVL ~ ﬁw with Vec{ﬁw} ~ CN(0,L,(ar,—p)) due to
the orthonormality of the columns of V. Defining

A =AUV, +H,

and employing the relation log det(I + XY) = logdet(I + YX) yields
Py =P <log det (IMT_b + ML;‘;HAJFK) < Amlog p) )
T

Note that the r x r real-valued diagonal matrix A, is nonsingular. We denote the smallest
diagonal element of A by A, and the largest by Apax. Due to the concavity of log det (I+
P) over the convex set of positive definite Hermitian matrices P [25, Thm. 7.6.7|, we
obtain the following bounds

AJT/};pKHK) < Amlog p)

P <P (log det <IMT_b +

: )\max NHA
Py > P(log det <IMT_b + Y 'OAHA) < Am logp) .
T

Since scaling (by the constants A, and Apa.x) of the SNR does not have an impact on
the exponential (in p) behavior of Py, we can conclude that

P =P (log det <IMT_b + LKHK) < Amlog p)
My
which proves the lemma.

The findings of Lemma 6 show that for m > my the DM tradeoff is equivalent to
that of an r X (Mp — M )-dimensional Ricean MIMO channel, whose random channel
component consists of i.i.d. complex Gaussian elements. By combining Lemma 5 and
Lemma 6, we have finally proven the following result.

Theorem 7. The DM tradeoff curve for the general Ricean MIMO channel H = H+
RY/2H,, with the rank-mes matriz B = UfH and Mupyax = min{ My, r+mei} is given by

the piecewise-linear function connecting the points (m,d(m)), m = 0,1, ..., Muyax, where
00 m < M
d(m) =14 -
(T + Merit — m)(MT - m)> Merig <m S Mmax-

The DM tradeoff curve given by Theorem 7 essentially consists of two parts. For
multiplexing gains up to the critical multiplexing gain me;; = rank{B}, the maximum
achievable diversity order is infinity, since the channel behaves like an AWGN channel.
For multiplexing gains above m., the tradeoff curve equals that of an r X (Mp — M)
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Rayleigh fading MIMO channel. Note that for full-rank R, i.e., rank{R} = Mg, we have
meit = 0 and the tradeoff curve in Theorem 7 is simply that of an Mgz x M7p Rayleigh
fading MIMO channel.

Numerical example: An example of a DM tradeoft curve for a Ricean MIMO channel
with Mp = My = 4 is depicted in Fig. 1.3. We assumed 7 = rank{R} = 2 and rank{H} =
2. Furthermore, the matrices R and H are chosen such that mey = rank{B} = 1.
Consequently, for m < 1, the channel behaves like an AWGN channel.

1.3 Concluding Remarks

We found space-time/frequency code design criteria for fading multiantenna MACs with
perfect CSI at the receiver, using the concept of dominant error event regions first intro-
duced in [8]. The essence of our design criteria is to recognize that, depending on the
transmission rate tuple, joint code designs may or may not be necessary. It was shown
that joint designs essentially require applying the classical design criteria [2,3,4| to a sum
of codeword difference matrices, with the specific sum depending on the subset of users
leading to the dominant error event for the given transmission rate tuple. Systematic joint
code designs constitute an interesting area of research. Finally, we note that as a side
result of our analysis we showed that the classical (based on pairwise error probability)
code design criteria are recovered from a criterion that essentially aims at minimizing the
probability of encountering a bad effective channel realization.

For the case of general Ricean fading MIMO channels, which exhibit an arbitrary
mean channel component and a correlated random channel component, we analyzed the
outage probability and the diversity-multiplexing tradeoff. Our results gave rise to the
notion of critical rate, i.e., the maximum rate, below which transmission at zero outage
probability is possible. The concept of critical rate turned out to play an important
role in the characterization of the diversity-multiplexing tradeoff curve, as it essentially
divides the range of multiplexing gains into two regimes: for multiplexing gains up to
the multiplexing gain of the critical rate, the channel behaves like an AWGN channel,
whereas for higher multiplexing gains, the tradeoff curve is equal to that of a Rayleigh
fading MIMO channel with appropriate dimensions.
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Figure 1.1: Dominant error event regions for the two-user MAC with My =2 and L = 1.
Dashed lines represent the ergodic capacity regions.
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Figure 1.3: Diversity-multiplexing tradeoff curve for a Ricean MIMO channel with Mg =
Mpr=4,r =2 and mey = 1.



Chapter 2

MU-MIMO Downlink Space-Time
Block Coded Transmission Scheme

2.1 Introduction

Space-time coding was proposed in [2] by combining channel coding and transmit diversity
techniques in order to achieve diversity and coding gains. In the coherent scenario, where
the channel state information (CSI) is available at the receiver, the design criteria for full
diversity space-time codes in quasi-static fading channels were developed [2]. Space-time
block codes (STBCs) attract a lot interests due to the low complexity of linear decoding,
full diversity gain, and high transmission rates with low delay.

Orthogonal STBCs in [15,30] and diagonal algebraic space-time (DAST) block codes
in [31,32] were proposed to achieve full diversity with a low complexity receiver. However,
these codes do not achieve all the potential full transmission rates.

In [33], threaded algebraic space-time (TAST') block codes were proposed for arbitrary
numbers of transmit and receive antennas. In [34], full rate and full rank linear dispersion
STBCs were designed using cyclic division algebra.

However, the minimum determinants of the codeword difference matrix for the above
constructions vanish for increasing size of the signal constellation. In [35,36,37|, full rate
and full diversity codes, named Perfect STBCs, with non-vanishing minimum determi-
nants were proposed.

In the downlink of a multiple-input multiple-output (MIMO) multiuser system, a base
station simultaneously transmits signals for many different users. Multiple antennas at
both transmitters and receivers ensure high data rates, which are required in the next
generation wireless communication systems. Hence it is natural to combine STBCs with
downlink transmission schemes for a MIMO multiuser system. Recent work in [41] uses
orthogonal STBCs in the downlink of a Direct Sequence Code Division Multiple Access
(DS-CDMA) system, where the multiple-input single-output (MISO) case was considered.

In our paper, we consider CDMA as a multiplexing scheme. We show how to use
TAST codes and perfect STBCs in the downlink of a MIMO multiuser system. Different
orthogonal spreading matrices are used to separate the data streams of multiple users. At
the receiver of each user, after despreading the received signal sequence, the maximum
likelihood decoding is obtained by a lattice decoder. The performance of the downlink

27
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Figure 2.1: A MIMO Multiuser System

system is evaluated by simulation in terms of block error rate (BLER). Due to multipath
propagation, different time delayed versions of the transmitted signal may result in mul-
tiple access interference (MAI). The impact of MAI on the system performance is also
analyzed by simulation.

The rest of the paper is organized as follows. Section II introduces the system model.
Section III presents how to apply TAST block codes and perfect STBCs to the downlink
of MIMO multiuser systems. In Section IV, lattice decoding for this space-time block
coded MIMO multiuser system is shown. Section V shows simulation results. Finally,
conclusions are drawn in Section VI.

2.2 System Model

The following notations are used in the paper: T denotes transpose and 1 denotes trans-
pose conjugate. Let Z, Q, C and Z[j] denote the ring of rational integers, the field of
rational numbers, the field of complex numbers, and the ring of Gaussian integers, where
j? = —1. Let S and S8? denote PAM and QAM constellation sets, respectively. Let
Q(0) denote an algebraic number field generated by the primitive element 6. The m x m
dimensional identity matrix is denoted by I,,. The matrix 1,, is defined as an all ones
m x m matrix. Given a m dimension vector v, V = diag(v) is the m x m diagonal matrix
with V;; =v; and V,, =0for all i,k =1,...,m, and i # k.

We consider the downlink of a K user MIMO multiuser system, as shown in Fig. 1.
We assume that the base station has ny transmit antennas, where ny = Zszl nep® and
ng® denotes the number of receive antennas for k—th user. This enables to support
terminals with different receiver complexity.

Since the encoder and decoder structures for any user are similar, we only consider the
general code construction and lattice decoding for an arbitrary k—th user. The superscript
k is thus omitted for brevity.

For any k—th user, the base station transmits the ny x ng QAM information symbol
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matrix
B = [b by -~ by, |
bii1 bia o bia,
_ C L (2.1)
bnT,l bTLT,2 e bnT,nR

where b;; € Z[jl,i=1,...,np,l=1,...,ng.

In this paper, we consider square linear dispersion STBCs [36,37] with full rate and full
diversity. The QAM information symbols are encoded by such STBCs into an np X np
codeword matrix X = {z;,} € C,i,l = 1,...,np. The codeword matrices for each user
are separated by orthogonal spreading matrices. Let U € C"7*X"7 be the orthogonal
spreading matrix for user k& and U® e C"7*K"r he the one for another user [, where

[ # k. We have
UuU' =1, uhut =,

The orthogonal signature matrices can be chosen, for example, as submatrices of a discrete
Fourier transform (DFT) matrix or Hadamard matrix.

We assume that perfect CSI is known at the receiver of each user. The k-th user
receives the signal matrix Y € C"#*En7 wwhich is given by

K
Y =HXU+H ( > X(’)U(”> +Z, (2.2)
1=1,l#k

where X is the codeword matrix for the [—th user.

In (2.2), Z is the complex i.i.d. Gaussian noise matrix with entries CN (0, Ny) and
H € C"»*"7 is the independent Rayleigh fading channel matrix with complex i.i.d. entries
CN(0,1), which is given by

h,; hia hia -+ hin,
e
h?”LR hnR,l h’?”LR,2 T hTLR,TLT

We assume that the channel matrix H is constant during one STBC block and varies from
one block to another independently.

2.3 STBCs for MIMO Multiuser systems

In this section, we first recall the rank and determinant criteria for STBC design. We
show how to use TAST codes and perfect STBCs for the downlink of MIMO multiuser
systems.
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2.3.1 Rank and Determinant Criteria

For the k—th user, we assume that a codeword X is transmitted. The maximum-likelihood
receiver might decide erroneously in favor of another codeword X. Let r denote the rank
of the codeword difference matrix C = X — X, and \;,i = 1,...,r, be the eigenvalues of
the codeword distance matrix A = CC'.

Then the pairwise error probability (PWEP) is upper bounded by

P9 () (%) =

where F is the average energy of QAM information symbols and ff_o denotes the signal-
to-noise ratio (SNR) per transmit antenna.
In (2.3), we call the minimum value of rng the diversity gain. We call the minimum

T

1/r
value of (H)\Z) the coding gain. In order to minimize the PWEP, the rank and
i=1
determinant criteria in [2| were proposed as follows:

e Rank Criterion: The minimum rank r of the codeword difference matrix should be
maximized;

s
e Determinant Criterion: The minimum determinant [[A; should be maximized.
i=1

In our MIMO multiuser system, we consider the TAST and perfect STBCs that achieve
full diversity ngny and full rate of np QAM symbols per channel use.

2.3.2 TAST Codes for the Downlink of Multiuser MIMO Systems

We recall TAST codes from [33]. The TAST codes are constructed by transmitting a
scaled DAST code in each layer (or thread) [, where [ = 1,... ng, i.e.

X = qblel, (24)

where x; are the encoded symbols, b;, are the complex QAM symbol vectors defined
in (2.1), and ¢, is chosen to ensure full diversity and maximize the coding gain of the
component codes. In [33], ¢, is given by

¢ = =D/ (2.5)

where ¢ = ¢ and A\ # 0 is either an algebraic number or transcendental number [33].

In (2.4), M € C""*"7 is a rotation matrix defining a DAST code. Lets = [sy, ..., Sp,]"
=Mb and § = [51,...,8,,] = MDb be two different DAST codewords, where b and b are
two different information symbol vectors. The rotation matrix M is chosen to maximize
the associated minimum product distance d,,, defined as 38|,

nrp
d, = min S; — 8l . 2.6
=] [l (26)



WP-1 31

Thus one can easily verify that DAST codes achieve full diversity, and their coding gains
are proportional to the minimum product distance associated with the rotations used.
The rotation matrix M is constructed from an algebraic number field Q(0) of degree
nr [39,33].

For L layers, where L. = np for the system in this paper, we can write the TAST
codeword matrix as

nR
X =Y (te'") diag (Mb), (2.7)
=1
where
0 1 0 0 07
0 1 0 0
e= (2.8)
00 0 0 1 0
00 0 0 1
10 0 0 0

2.3.3 Perfect STBCs for the Downlink of Multiuser MIMO Sys-
tems

For the special cases of ny = 3, 4,6, perfect STBCs was proposed in [36,37]. The perfect
STBCs are constructed based on cyclic division algebras, where the codeword is given
by [36,37),

nr
X = el diag (Mb), (2.9)
1=1
where
0 1 0 - 07
01 0
e=| : U I (2.10)
000 0 1
v 00 0 0]

and + is chosen from Z[j] in order to achieve the full diversity and non-vanishing deter-
minant [36]. Comparing to TAST codes, we have a different e matrix and ¢ = 1.

In this case, we only consider subcodes of the perfect STBCs with a reduced number
of layers ng, i.e.,

nR
X = el diag (Mb).

=1
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2.4 Lattice Decoder for the Downlink of MIMQO Mul-
tiuser systems

The k—th user received signal matrix Y in (2.2) is despread by multiplying U, which
yields

Y = YU’ =HX + Z, (2.11)
where
i1 Yz o Uing
Y=| oo (2.12)
gnR,l gnR,Q e gnR,nT
and
210 Z12 ot g
7 — 70Ut = : : : ) (2.13)
énR,l éTLR,2 e énR,TLT
Let us define
M = M1, X = M x vec(B), (2.14)

where ® denotes matrix Kronecker product and

b,
b,
vec(B) = ' : (2.15)
by,
Vectorizing (2.11) yields
vec (\?) = vec (HX) 4 vec <Z) : (2.16)

where

v) =1 . . . T
vec = (U115 s Uings - s Unpds - s Unpnr) s

]T7

vec <Z> =211y s Bimgs ooy Znpds - - o5 Enpng
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and vec (HX) = HX is given in (2.17). For perfect STBC, e is given in (2.10) and ¢ = 1.

[ diag (hy)  (diag (hy) ¢e)” -+ (diag (hy) ¢"atenr—1)" ]
vec(HX) = HX= diag‘(hl) (diag (hz) oe)” .. (diag (hy) ¢7'1R—1enR_1)T
| diag .(hnR) (diag (h‘nR)gbe)T ' (diag (hnR)qb'nR_lenR_l)T

Substituting (2.14) and (2.17) into (2.16) yields
vec(YA') = Tvec(B) + vec <Z) :

where T = HM.
Let us define

9= [8 ee()) ((3)]

T11
X1,2

xl,nT

X1
X2

Llng

'rTLR,l
'rTLR,2

L an,nT -

(2.17)

(2.18)

where R(-) and (-) denote the real and imaginary part of the symbol vectors. Let us

define
B = [R (vec(B)) S (vee(B))]”
and
R (T —s(T)
" Lste) afy

Lattice decoding can be employed to decode the k—th user QAM symbols B, i.e.

A

B = arg min Hj} —HB

Besn

2
9

where n = 2 X ny X ng.

(2.19)

Remark: The choice of the ng layers within the codeword X is irrelevant, since this
corresponds to a permutation of the blocks in the matrix H which yields an equivalent

code.
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Figure 2.2: The Downlink of MIMO Multiuser System 1

2.5 Simulation Results

In the simulations, we show performance of the downlink MIMO system employing perfect
STBCs. Performance is evaluated in terms of BLER by Monte Carlo simulation. The
SNR per user is defined as SNR=ngFE/Ny. In the simulation, we consider two different
systems as below.

System 1: We assume that the base station has four transmit antennas. There are
two users, each of which has two receive antennas and 16-QAM symbols are used. We
assume each STBC block consists of 8 symbols per user.

We choose 4 x 4 perfect STBC using two layers, where the rotation matrix M is given
in [36,37] and v* = —1. This provides full diversity and highest possible rate of ngny = 8
symbols per block per user. We choose Hadamard matrices as the spreading matrices.

Performance of System 1 is shown in Fig. 2 together with the diversity gain slope.
Due to multipath propagation, different time delayed versions of the transmitted signal
may result in MAI, which destroys the orthogonality of the spreading codes. In Fig. 2,
we show the impact of MAI on the code performance. For User 1, after despreading,
we have UPUW = al,,., where the MAI interference coefficient is chosen to be a =
0.01,0.03, 0.05, respectively. We can see an error floor appears when a > 0.

System 2: We assume that the base station has four transmit antennas. There are
two users: User 1 has one receive antenna, User 2 has three receive antennas, and 16-QAM
symbols are used.

The total transmission rate per block is 16 symbols. The transmitted codeword con-
sists of one layer perfect STBC for User 1 (4 QAM symbols), and three layer perfect
STBC for User 2 (12 QAM symbols). The performance of System 2 is shown in Fig. 3.
We notice that User 2 achieves better performance at higher SNRs thanks to its receive
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Figure 2.3: The Downlink of MIMO Multiuser System 2

antenna diversity, even if its rate is three times the rate of User 1.

Remarks: To the authors’” knowledge, no comparable scheme was found in the lit-
erature for comparison. The proposed scheme offers great flexibility in the number of
terminal receive antennas.

2.6 Conclusion

We consider space time block codes for the downlink of a multiuser MIMO system in this
paper. We show how to use TAST block codes and perfect STBCs for such systems in
order to achieve the highest possible transmission rate and full diversity gain. Orthogonal
spreading matrices are used to separate the data streams of multiple users. At the re-
ceiver of each user, maximum likelihood decoding is obtained by using a lattice decoder.
Performance of the space-time block coded system with different MAI is evaluated by
simulations. It is shown that the system has good performance when the interference
coefficient o = 0, otherwise, an error floor appears. The proposed scheme is suitable to a
network supporting different types of terminals due to its flexibility.



Chapter 3

Spatially Multiplexed LDPC Codes for
Multi-User Detection

3.1 Introduction

Low-Density Parity-Check (LDPC) codes [44,47| achieve rates close to channel capacity
for a wide range of channels. The performance of these codes is optimized in function
of the degree distributions of the bipartite graph associated with the LDPC code. This
optimization can be performed exactly by using density evolution [49] (without assuming
specific distributions for the messages) or approximately by using extrinsic information
transfer (EXIT) charts [43] assuming that the messages have a Gaussian distribution.

If we aim to iterate over a multi-user detector and an error correcting code, we have to
optimize the overall EXIT function of the code to match the EXIT function of the multi-
user detector. The overall extrinsic information transfer function of a code optimized
for the Gaussian memoryless channel is a step function [48|. This is consistent with the
curve fitting approach of EXIT charts, since the extrinsic information transfer function
of a memoryless Gaussian channel is constant and therefore, the best fit is achieved using
a step function. On the other hand, for a multi-user detector, the EXIT function is not
constant.

In Section 3.2 we introduce the system model and the multi-user detector. The EXIT
functions of the multi-user detector are presented in Section 3.3 and the LDPC code
design in described in Section 3.4. Finally, we present simulation results in Section 3.5.

3.2 System Description

We consider a receiver that performs iterative detection and decoding. The whole system
can be represented by augmenting the factor graph [45] of the LDPC code with the
elements of the multi-user detector as shown in Figure 3.1. The left part shows the LDPC
decoder with check nodes of degree d. and variable nodes of degree d,. The right part
corresponds to the multi-user detector, where every code symbol is repeated L times,
which corresponds to the spreading length. Spreading is performed by multiplying a
spreading sequence and the spreaded chips are interleaved over the complete block. This

36
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Figure 3.1: Factor graph for iterative multi-user detection and decoding.

has the advantage that chips corresponding to one code symbol are spread up in time
which increases the diversity in the case of a slow fading channel. We will consider
random spreading sequences which are not necessarily orthogonal but allow to operate
the system overloaded. The chips are multiplied by the fading coefficients and the receiver
observes the sum of the transmitted signals from K users plus white Gaussian noise.

3.2.1 Multi-User Detector

We focus on systems with low implementation complexity that are scalable in the number
of users and in the spreading length. The optimal multi-user detector has a complexity
that is exponential in the number of users. The multi-user detector presented in this
section performs interference cancellation at chip level which can be implemented using
a message passing algorithm avoiding the need of matrix multiplications and matrix in-
versions. Therefore, the system has a computational complexity which is linear in the
number of users K as well as in the spreading length L.

Let ¢ denote the codeword of length N of user k with elements from {+1,—1}. The
transmitter performs spreading followed by a chip-level interleaver. The whole process
with spreading length L is described by a repeat code with encoder matrix G r of dimension
LN x N, the multiplication with a spreading sequence sj of length LN followed by a
permutation that represents the chip-level interleaver as

Ty = Py - diag (8,) - G - G, (3.1)
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where ¥, denotes the signal transmitted by user £ and P, is the permutation matrix of
dimension LN x LN.
The received signal ¢ is composed of the sum of all user signals and additive white

Gaussian noise as p
U= Z {dlag (hk) : fk} + 7, (3.2)

k=1

where ka contains the LN channel realizations of user k.
The multi-user detector performs interference cancellation on chip level for every user.
The interference canceled vector 2, is given by

K

- Z {dlgtg( ) P; - diag (5;) - éR-tanh%}, (3.3)

Jj=Lj

2y
t@

where I_ja,j denotes the a-priori log-likelihood ratios of the code symbols, that are provided
by the LPDC decoder. The interference canceled vector zj is well approximated by a
Gaussian distribution [51] with mean hj and variance

K i 2
Fp=on+ > |1- (tanh TJ) . (3.4)

J=Lj#k

This allows us to express the log-likelihood ratios Ly as

-1

Ly=2-% diag <Ek) - diag (5’37,6) (3.5)
Finally, decoding of the repeat code Gris performed by summing up the corresponding
log-likelihood ratios after despreading and deinterleaving

Loy = G% - diag (5;) - P - Ly, (3.6)

resulting in a vector f/&k that is passed to the LDPC decoder to complete the iterative
detection and decoding process. In addition to performing only one iteration at the multi-
user detector, the system can be modified by allowing the multi-user detector to perform
more than one iteration between the code symbols and the received signal.

In the rest of this paper, we will assume a flat fading channel where the fading co-
efficients are constant during one symbol, i.e. during L chips, and are independently
taken from a Rayleigh distribution. Furthermore, we assume that the receiver has perfect
knowledge of the channel realizations.

3.3 EXIT Functions

We use extrinsic information transfer (EXIT) [43] functions to analyze the behavior of
the multi-user detector and design an LDPC code for the system. For this purpose, we
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Figure 3.2: EXIT functions of multi-user detector as a parameter of the system load for
L =4 and E;/Ny = 0.0dB.

investigate how the EXIT function of the multi-user detector depends on the parameters
of the system.

In Figure 3.2 we show the dependency of the EXIT function on the system load
B = K/L which were obtained using Monte Carlo simulations. The functions are plotted
for the system loads of 1, 2, 4 and 8 at a signal to noise ratio E;/Ny = 0.0dB, where
E, denotes the energy per transmitted code symbol, i.e. the energy per L chips. The
spreading length was L = 4 and the multi-user detector was allowed to perform five
iterations. It can be observed that for small values of 14 »/vp the EXIT curve is dominated
by the multi-user interference. In contrast, for /4 yyp approaching 1.0, the EXIT curve
becomes independent of the system load since the other users are perfectly known and
can be canceled.

To analyze the dependency on the signal to noise ratio, we fixed the system load at
£ = 4 and simulated the EXIT function of the multi-user detector for increasing signal
to noise ratio shown in Figure 3.3. For small values of 14 ypp the influence of the signal
to noise ratio is quite small, whereas for large values of I4 yyp, the EXIT curve is only
a function of the signal to noise ratio.

For low signal to noise ratio and/or low system load, the EXIT function of the multi-
user detector approaches a horizontal line, i.e. it becomes independent of the a-priori
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Figure 3.3: EXIT functions of multi-user detector as a parameter of the signal to noise
ratio for L =4 and 3 = 4.

information provided by the LDPC decoder. In this scenario, the multi-user channel can
be threated as a single user Gaussian channel (i.e. the noise interference is much stronger
than the interference of the other users) and error correcting codes optimized for Gaussian
channels can be used. In all other cases, codes have to be designed for a specific system
load and signal to noise ratio in order to approach the capacity of the multi-user channel.

3.3.1 Coding versus Spreading

To compare systems with different parameters we compute the spectral efficiency [50]

K
C==R=0R (3.7)

where R denotes the rate of the error correcting code. The maximum spectral efficiency for
a given load is achieved when the rate of the error correcting code is equal to the capacity
C, for every user. The overall redundancy in the system is split up into spreading (i.e. a
repeat code of length L) and into the redundancy added by the LDPC code. To answer the
question, how this redundancy should be divided into coding and spreading, we evaluate
the spectral efficiency of the system parametrized by the system load. For this purpose
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we use the area property of EXIT functions [43|, which states that the area below the
EXIT function is equivalent to the capacity if the a-priori information is modeled as being
transmitted over a binary erasure channel. This area corresponds to the capacity C, for
every user.

The maximum achievable spectral efficiency is shown in Figure 3.4 for system loads
of 1, 2, 4 and 8 as a function of E,/Ny. It can be observed, that the spectral efficiency
increases with increasing system load. Therefore, from a theoretical point of view, all the
redundancy should be spent for coding and no spreading should be performed.

However, not using spreading results in a EXIT function of the multi-user detector
that depends heavily on the number of users in the system which is equivalent to the
system load in the case of no spreading. From a practical point of view, spreading can be
used to keep the system load approximately constant and design an LDPC code for this
load.

3.3.2 Multiple Transmit Antennas

The performance of a multi-user system can be improved by allowing the users to transmit
using more than one antenna. The system described in Section 3.2, is then modified so
that the interleaved chips are partitioned onto the individual transmit antennas. From
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the point of view of the multi-user detector, this increases the load since it treats every
single antenna as a separate user. Besides the effect of increased diversity, this is beneficial
for the performance of the system since higher system loads can achieve a higher spectral
efficiency as shown in the previous section.

3.4 LDPC Code Design

To optimize the code (i.e. maximizing the code rate for a given signal to noise ratio), we
use the methods presented in [46]. In order to get codes with practical parameters, we
restricted the variable node degree distribution to three non-zero parameters (2, 3 and
10) and set the maximum check node degree to 30. The optimization of the variable node
degree distribution was performed by an exhaustive search while for every distribution, the
check node degree distribution was optimized using linear programming [46]. The resulting
achieved spectral efficiency of the designed systems is shown in Figure 3.4. Systems with
higher load always outperform those with smaller load. For small loads the achieved
spectral efficiency of the designed systems is close to the maximum achievable spectral
efficiency. For increasing load and increasing signal to noise ratio, the gap increases. The
reason for that is, that the shape of the EXIT function of the multi-user detector can not
be matched by the LDPC code with the given parameters (see for example, the EXIT
function at Fy/Ny = 3.0dB in Figure 3.3).

3.5 Simulation Results

To verify our derivations, we designed a system for a load of 7 = 4 and a spectral efficiency
of 1.0, leading to a code rate R = 0.25. The EXIT functions of the multi-user detector and
the optimized LDPC code for this system are shown in Figure 3.5. From the EXIT chart
analysis, the threshold of this system is at Ej,/Ny = 2.75dB. We constructed a random
LDPC code with the given degree distributions and a block length of N = 10%. The bit
error rate simulation shown in Figure 3.6 shows that the simulation agrees with the EXIT
chart prediction. In Figure 3.5 we also plotted the EXIT function of an LDPC code that
was optimized for an AWGN channel [42]. This system can not converge for the given
load since the EXIT functions always intersect (even for the case of very large signal to
noise ratio).

3.6 Conclusion

We showed how the EXIT function of a multi-user detector depends on the load and
the signal to noise ratio. By using the area property of EXIT charts, we compared the
achievable spectral efficiency of systems of different loads. For the case where the multi-
user interference is stronger than the interference caused by Gaussian noise, an LDPC
code optimized for this scenario can significantly outperform a standard LDPC code that
is optimized for an AWGN channel.
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Chapter 4

MU-MIMO Uplink Using IDMA and
Low-Complexity Iterative Receivers

4.1 Introduction

In multiuser communications, CDMA is widely used for multiple access because of its at-
tractive properties. With CDMA, user separation is obtained through signature (spread-
ing) sequences, and fading effects are combated by an interleaver placed between the
forward error correction (FEC) coding and the spreading. The performance of CDMA
systems is limited by multiple-access interference (MAI) and intersymbol interference
(ISI) [52]. Because of the high complexity of optimal joint detection and decoding, sub-
optimal receiver techniques are commonly used. A turbo-type receiver where the multiuser
detector and the channel decoders exchange extrinsic information [53| has been presented
in [?]. This receiver uses soft interference cancellation by means of an MMSE filter.

In [54], interleave-division multiple access (IDMA) has been proposed and demon-
strated to outperform coded CDMA when iterative receivers are used. IDMA employs
user-specific interleavers combined with low-rate channel coding for user separation. It
is a wideband scheme that allows the use of multiuser detectors with significantly lower
complexity compared to the CDMA case. IDMA shares with CDMA several desirable
features, especially diversity against fading and mitigation of user interference from other
cells [54].

In this paper, we generalize IDMA to multiple-antenna (MIMO) multiuser systems in
which the users employ spatial multiplexing [10] to achieve high data rates. The resulting
MIMO-IDMA scheme extends all advantages of IDMA to the MIMO case. Furthermore,
generalizing the receiver proposed in [54], we develop an iterative receiver for MIMO-
IDMA that employs an efficient soft multiuser detector whose complexity is linear in the
number of users. Both flat-fading and frequency-selective MIMO channels are considered.

The paper is organized as follows. In Section 4.2, we describe the structure of the
new MIMO-IDMA system, including the iterative receiver. The MIMO-IDMA soft mul-
tiuser detector is developed on Section 4.3. Finally, simulation results demonstrating the
performance of MIMO-IDMA are presented in Section 4.4.

45
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4.2 The Proposed MIMO-IDMA System

4.2.1 Basic System Model

We consider an uplink multiple-access scenario where each user (transmitter) has Mry
antennas and employs spatial multiplexing [10], and the base station (receiver) has Mg
antennas. The MIMO channel is allowed to be time-varying and frequency-selective. At
a given time instant n, the received vector r[n] = (r1[n]- - - 7y, [n])? can thus be expressed
as

M L-1
r(n] = Z H™ [n, [|x™[n—1] + wn], (4.1)

m=1 [=0
where xM[n] = (2{™[n]-- - xJC;T) [n])T is the data vector transmitted by the mth user,

H(™[n,[] is the My x My MIMO channel matrix from the mth user to the base station (I
denotes the discrete delay), w[n] = (wi[n] - - wa[n])? is a noise vector, L is the channel
length, and M is the number of users. We assume that the data symbols x,(fm) [n] are
drawn from a BPSK alphabet A = {—1,1} and the elements of the noise vector w[n| are
i.i.d. Gaussian with variance o

4.2.2 MIMO-IDMA Transmitter

The proposed MIMO-IDMA transmitter extends the IDMA transmitter of [54] to the
multiuser MIMO spatial multiplexing case. As shown in Fig. 4.1(a), the data bit sequence
of the mth user, b(™ = (b(™[1] ... [K])7, is encoded into a code bit sequence c™ =
(c'™[1]---c"™[N])T. Here, N = K/R where R is the code rate. The code is a serial
concatenation of a terminated convolutional code for FEC and a low-rate repetition code.

Next, the code bit sequence c(™ is interleaved by a user-specific interleaver 7(™(-), re-
sulting in the sequence d™ with d™[n] = ¢™ [x(™)(n)]. The M interleavers are assumed
to be randomly generated. The repeat code together with the user-specific interleaver per-
forms a kind of spreading, somewhat similar to the spreading in a CDMA system. Finally,
the interleaved bit sequence is BPSK-modulated using the mapping 0 — —1,1 — 1 and
split into blocks of length Mt to yield the symbol vector x(™)[n] transmitted by the My
transmit antennas. The combined action of the BPSK mapping and serial-to-parallel
conversion is expressed by

2d™[nMp+1] -1
(m) — N
X(m) [n] _ 2d [TLMT + 2] 1 .

2 d(m)[(n—f‘:l)MT] -1 (4.2)

4.2.3 TIterative MIMO-IDMA Receiver

The structure of the iterative (turbo-type [53,7,54]) MIMO-IDMA receiver is shown in
Fig. 4.1(b). The receiver consists of two stages: a low-complexity soft MIMO multiuser
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Figure 4.1: The proposed MIMO-IDMA system: (a) Transmitter, (b) receiver.

detector—to be developed in the next section—is followed by M parallel single-user soft-
in/soft-out channel decoders (one corresponding to each user). These two stages are
connected via deinterleavers and interleavers and exchange soft-information, as described
in the following.

Soft MIMO Multiuser Detection. Assuming independent interleaved symbols d™ [n]
(i.e., ignoring the code dependencies), a symbolwise operation of the multiuser detector is

optimum. At a given iteration, the detector then estimates the a posteriori log-likelihood
ratio (LLR) of the code bits c(™[n],

(4.3)

form=1,...,Nand m =1,..., M. Here, T denotes the sequence of all received vectors
r[n]. In what follows, we will often suppress the dependence on n for simplicity of notation,
e.g., we will write ¢™ instead of ™ [n]. With Bayes’ rule, (4.3) can be rewritten as

P(t|c™ =1) P(c™ =1)
lpa(c™) = log——"1—2 4+ log—— % 4.4
al@™) = los pa =gy + 18 pram=) (44)
The first term is the eztrinsic information delivered by the MIMO multiuser detector and
will be denoted as &y (c™):

P(¥|c™ =1)

(MY & Jgg 1=~/
gmud(c ) og P(f' ‘ c(m) — 0) :

(4.5)
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Since according to (4.2) x,(fm) [n] corresponds to d™ [nMr + k] = MM (n My + k:)] =:
c%’g[ | via the BPSK mapping, the extrinsic information for xk [ | equals that for 07r X [ ]

ie., gmud(xl(c )

= fmud(cgﬁ)). The second term in (4.4) is the a priori LLR of ¢™. An estimate of
this term is provided by the channel decoder of the mth user at the previous iteration.
For the first iteration, equally likely bits are assumed, i.e., the a priori LLR values are
set to zero. Finally, the sequence of extrinsic informations &uuq(c™ [n]) is deinterleaved
by the deinterleaver of the mth user and fed into the corresponding soft channel decoder
as a priort information for the next iteration. The detailed operation of the soft MIMO
multiuser detector will be described in the Section 4.3.

Soft Channel Decoding. The channel decoder for the mth user estimates the a pos-
teriori LLR of the code bits

P(c™ = 1|F)

(MY — Jpg o — 17/
gdec(c ) 0g P(C(m) _ 0|f‘) )

based on  the extrinsic information  from  the  multiuser  detector,
Emua(c™), and the code structure. To estimate £ge.(c™), the repeat code is soft-decoded
by summing the a priori LLR values of the appropriate symbols (this presupposes that
the corresponding received symbols are independent due to the combined action of the
interleaver and the noisy fading channel), while the convolutional code is soft-decoded by
the BCJR algorithm [55]. As in (4.4), £gec(c™) can be expressed as the sum of an extrin-
sic information &ge.(c™) and an a priori LLR [?]. The sequence of extrinsic informations
€dec(c™[n]) is interleaved and fed back to the multiuser detector as a priori information
for the next iteration. Additionally, the channel decoder estimates the a posteriori LLRs
of the information bits; at the final iteration, it performs a decision on the information
bits by applying the sign function.

4.3 A Low-Complexity Soft Multiuser Detector for MIMO-
IDMA

We will now develop a low-complexity soft multiuser detector for MIMO-IDMA. As dis-
cussed above, the %)urpose of the soft multiuser detector is to calculate the extrinsic
informations &nua(c, /) based on the current received vector r and the extrinsic informa-

tions Sdec(x,(g )), v= 1, ..., M produced by the channel decoders at the previous iteration.
Our development extends the IDMA soft multiuser detector of [54] to the MIMO spatial-
multiplexing case.
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4.3.1 Flat-Fading Channel

For simplicity, we first consider a flat-fading channel; the frequency-selective case will be
considered in the next subsection. In the flat-fading case, (4.1) simplifies to

Z H™ [n]x™[n] + wn] . (4.6)

This can be formulated as (again, we omit the time instant n)
r = h{™z{™ 4 plm, (4.7)
Here, h,(gm) is the kth column of H™ and n,(gm) consists of the interference from the symbols

transmitted from all other antennas of the same user, the interference from all other users,
and the noise, i.e.,

M~ M

n™ = > W™ S THOKW 4w,
7j=1 v=1
o vtm

Development of the Multiuser Detector. The proposed MIMO-IDMA multiuser
detector is based on the assumption that n,(gm) has a Gaussian distribution; this will
be approximately true for a large number of users. For given user channels H(™), the
conditional probability density function of r given x,(fm) then is

prlal™) ~ /\/(h,gmxk + E(n! )c<m>)

where E(n,(gm)) and Cn(m> denote, respectively, the mean and covariance matrix of ném)
k

for given user channels H™). Using the Gaussian assumption, the extrinsic information
n (4.5) becomes

bmna(ef}) = Ema(a") = 20"C 0 [r — E(m™)], (48)

k

which is recognized as the MMSE estimate of x,im) from r using the linear model (4.7).
It remains to calculate E(n{™) and C,om. Inserting (4.6) into (4.7) yields ni™ =
k

Z L HOx0) — h,gm)x,gm) +w and, thus,

M
Emy") =Y HYEx®Y) — h{"E(z"). (4.9)
v=1

Furthermore, from (4.7) we obtain

C o = C, — " var(z" )h™". (4.10)
k



20 MASCOT D1.2.1
Here, C, is the covariance matrix of the received vector r, given by

M
C, =Y H™C,mH™ + o1, (4.11)
m=1

with C,m) = diaug{var(x,(jl))}k:1 a1, (this expression is

based on the assumption that, due to the interleaver, the symbols x,(gm) [n] are inde-
pendent). Woodbury’s identity [56] gives the following expression of C .,
M

1 m —
—7 s n™mfCot (4.12)
[var(xk )]

Thus, computation of (4.8) only requires a single matrix inversion.

Finally, we express B(z{™) and var(z\™) in terms of &g c(z™). In the iterative

receiver scheme, the extrinsic information gdec(x,(j”)) produced by the channel decoders

at the previous iteration is substituted for the a priori LLR of cgﬁ) (recall that x,(fm)

T

cl =cl—c'n™ nm et -
Mg

corresponds to cgﬁ) via the BPSK mapping), i.e.,

P(m=1) "
log — A L g (a™).
P(cﬂ,k :0)
This is easily seen to imply the expressions
(m)
E(:E,(Cm)) = tanh%, Var(x,gm)) =1- [E(x,gm))]z

Complexity. The complexity of the proposed multiuser detector (using (4.12)) is linear
in the number of users M. It is furthermore cubic in the number of receive antennas Mgy
because (4.12) requires inversion of the Mg x Mg matrix C,.

Scheduling Strategies. The updating of the a priori information at the input of the
multiuser detector can be done in two different ways [57]. With parallel scheduling, the
a priori information of all users at the input of the multiuser detector is updated by
the channel decoders and used to calculate the extrinsic information of all users at the
output of the multiuser detector concurrently. With serial scheduling, only the a priori
information of one user is updated at a time and used to calculate the extrinsic information
of all users at the output of the multiuser detector. In the next time step, the a priori
information of another user is updated, and so forth.

4.3.2 Frequency-Selective Channel

Again generalizing [54], we now extend the MIMO-IDMA multiuser detector developed
above to frequency-selective channels, i.e., channels introducing ISI. According to (4.1),
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the channel of the mth user is characterized by H™[n,[], where [ € {0,...,L—1}. To
take ISI into account, we combine L successive received vectors into the super-vector
t[n] £ (r[n] r[n+1]--- r[n + L—1])7 of length MgL. Using (4.1), we can formulate T[n]
as

£[n] = by [n]z{"n] + 7" [n]. (4.13)

Here, b™ [n] £ (0™ [n,0] b [n+1,1] --- b [n+ L—1, L — 1))%, where h{™[n, ] is the
kth column of H™[n, 1], and 7 [n] 2 (n™[n] ™ [n+1] --- n\™ [n + L—1))". Because
(4.13) has the form of the linear model (4.7), the extrinsic information §mud(c£:;’2) can be
calculated as in (4.8) with obvious modifications:

m m T (m)H ~— — _(m
Smud(c;k)) = Smud(xl(c )) = 2h](<; ) Cﬁ](}n) [r_E(nl(c ))}7

with E(ﬂ,(fm)) and C_m given by equations (4.9)—(4.12) suitably modified. The complexity
k

still is linear in M and cubic in Mpg; it is furthermore cubic in the channel’s impulse

response length L.

4.4 Simulation results

We next present simulation results demonstrating the performance of the proposed MIMO-
IDMA system.

Flat-fading channel. We first consider the case of a fast time-varying flat-fading chan-
nel. We simulated a MIMO-IDMA system with M = 16 users, Mt = 4 antennas per user,
Mg = 4 base station antennas, and a terminated rate—% convolutional code (code polyno-
mial [23 35g) serially concatenated with a rate-z repetition code (thus, the overall code
rate was R = 3—12) The number of information bits per block was K = 128; this implies
a total number of K/(RMry) = 1024 transmit vectors per user. The channel matrices
H™[n] of size 4 x 4 were generated independently for each n, with elements that were
i.i.d. Gaussian with zero mean and unit variance. The multiuser detector used parallel
scheduling.
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Figure 4.2: Performance of a 4x4 MIMO-IDMA system with 16 users for a fast time-
varying flat-fading channel. (a) Averaged BER versus E,/Ny and single-user bound after
10 iterations. (b) Averaged BER versus the number of iterations, parametrized by Ey/Ny.

In Fig. 4.2(a), the BER averaged over all users after 10 iterations is shown versus
the SNR Ej/Ny (we note that Ey/Ny = Mry/(Ro?)). The single-user bound (BER for
one user, i.e., M = 1) is shown as a performance reference. It is seen that the BER of
the multiuser system approaches the single-user bound for high SNR. In Fig. 4.2(b), the
convergence of the iterative receiver, i.e., BER as a function of the number of iterations,
is depicted for various values of Ej/Ny. It is seen that the system converges for Ej,/Ny
larger than about 7dB. For higher Ej,/Ny, the convergence is faster and the BER after
convergence is lower. For high E,/N, (about 9dB), the receiver converges after about 5
iterations.

Frequency-selective channel. Next, we consider a time-varying frequency-selective
channel with L = 3 taps. The channel was generated such that it stays constant for 50
transmit vectors and then a new realization is drawn independently. Because the matrices
now have threefold size, a smaller system with MIMO dimension 2 x 2 and M = 8 users
was implemented to reduce simulation times. All other system parameters were as before.
Fig. 4.3 shows the BER as a function of E},/Nj after 20 iterations. The gap to the single-
user bound is smaller compared to the flat-fading case because of the smaller number of
users and the delay diversity offered by the frequency-selective channel.
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Figure 4.3: BER of a 2x2 MIMO-IDMA system with 8 users versus Ey/Ny for a time-

varying frequency-selective channel.

4.5 Conclusions

We proposed a MIMO-IDMA system for uplink multiuser communications over frequency-
selective channels. This system generalizes the IDMA system described in [54] to the
MIMO spatial multiplexing case. It uses a turbo-type iterative MIMO-IDMA receiver
incorporating an efficient soft MIMO multiuser detector whose complexity is linear in the
number of antennas.

MIMO-IDMA is attractive due to its good performance and low complexity. The
basic MIMO-IDMA system considered here can be extended in various ways. The simple
convolutional code can be replaced by more sophisticated codes such as LDPC codes [49].
Various strategies for selecting the order of the users in the serial scheduling scheme
described in Subsection 4.3.1 can be used. A detailed assessment of the performance and
complexity of these and other variants of MIMO-IDMA in comparison to a CDMA-based
multiuser MIMO system will be pursued in the course of our future research.



Chapter 5

Conclusions and Recommendation

This deliverable provides the detailed technical contributions with specific targetting at
various coding schemes for multiuser MIMO systems, multiuser data transmissison, mul-
tiuser detection and decoding.

Chapter 1 provides the general space-time/frequency code design criteria for fading
multiantenna MACs with perfect channel state information at the receiver. The essence of
our design criteria is to recognize that, depending on the transmission rate tuple, joint code
designs may or may not be necessary. It was shown that joint designs essentially require
applying the classical design criteria [2,3,4] to a sum of codeword difference matrices,
with the specific sum depending on the subset of users leading to the dominant error
event for the given transmission rate tuple. Systematic joint code designs constitute an
interesting area of future research. Chapter 1 also investigates the outage probability and
the diversity-multiplexing tradeoff for the case of general Ricean fading MIMO channels.
This is potentially useful for many real-world wireless scenarios.

Chapter 2 successfully explored a space-time block coded transmission scheme for
multiuser MIMO downlinks. This scheme has the advantage of supporting the highest
possible users and full diversity of the multiuser MIMO systems, yet with low encoding
and decoding complexity.

Chapters 3 considers the practical issues of the multi-user detection for synchronous
CDMA with various system loads and SNRs. The evaluation tool is based on Extrinsic
information transfer function (EXIT) charts. Also, good low-density parity-check codes
are designed for the CDMA system.

Chapter 4 extends the IDMA system to MIMO cases which can successfully exploit the
spatial multiplexing gains. A detailed assessment of the performance and complexity of
MIMO-IDMA in comparison to a CDMA-based multiuser MIMO system will be pursued
in the future research.
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