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Abstract

We propose a modified layered structure for multiple-input multiple-output systems, where the
layer detection order is fixed and the data rate for each layer is allocated based on the detec-
tion order and channel statistics. Using a Gaussian approximation of the layer capacities, we
derive an asymptotic optimum data-rate-allocation approach. For optimum data-rate allocation,
the amount of backoff from the mean layer capacity is proportional to the standard deviation of
the layer capacity. With statistical data-rate allocation, only limited channel feedback is needed
to update channel statistics at the transmitter. Simulation results show significant performance
improvement with the proposed algorithm. We also find that the performance gap between the
layered structure and the channel capacity diminishes with increasing ergodicity within each
codeword. Numerical results show a signal-to-noise ration improvement of 6.3 and 3.6 dB for
TGn channels ”B” and ”D”, respectively, for 1% outage probability and 9 b/s/Hz spectral effi-
ciency.
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Abstract—We propose a modified layered structure for multiple-
input multiple-output systems, where the layer detection order is
fixed and the data rate for each layer is allocated based on the de-
tection order and channel statistics. Using a Gaussian approxima-
tion of the layer capacities, we derive an asymptotic optimum data-
rate-allocation approach. For optimum data-rate allocation, the
amount of backoff from the mean layer capacity is proportional to
the standard deviation of the layer capacity. With statistical data-
rate allocation, only limited channel feedback is needed to update
channel statistics at the transmitter. Simulation results show sig-
nificant performance improvement with the proposed algorithm.
We also find that the performance gap between the layered struc-
ture and the channel capacity diminishes with increasing ergod-
icity within each codeword. Numerical results show a singal-to-
noise ratio improvement of 6.3 and 3.6 dB for TGn channels “B”
and “D,” respectively, for 1% outage probability and 9 b/s/Hz spec-
tral efficiency.

Index Terms—Layered space-time coding, multiple-input mul-
tiple-output orthogonal frequency-division multiplexing (MIMO-
OFDM), rate allocation, vertical Bell Labs layered space-time
(V-BLAST).

I. INTRODUCTION

VER SINCE the revelation of the huge capacity of mul-
Etiple—input multiple-output (MIMO) systems was shown
by information theoretic analysis [1]-[3], great effort has been
made by numerous researchers to design a practical system that
approaches this attractive capacity.

One important MIMO technique is the vertical Bell Labs lay-
ered space—time (V-BLAST) structure proposed by Foschini
[4], [5]. In the layered systems, the input data stream is de-
multiplexed, independently coded using 1-D coding, and sent
via different transmit antennas simultaneously. The received
signal from each substream is separated by nulling according
to zero-forcing (ZF) or minimum mean-square error (MMSE)
criterion and successive interference cancellation (SIC).
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The low complexity of layer processing makes the layered
structure a very promising candidate for systems with a large
number of transmit antennas and higher order modulation.
However, in the original layered system, the input data is
evenly divided into substreams and all layers have the same
code rate. Due to the loss of signal energy and degree of
freedom by nulling, the channel quality for the layers to be
first detected is frequently poor, and cannot support reliable
transmission with the given layer data rate. As a result, those
layers that are detected earlier are more error-prone. To remedy
this problem, optimum detection ordering has been proposed
[6], [7]. The idea is to always select the layer with the best
channel quality among the remaining layers to be detected
first. A drawback of detection ordering is the high computa-
tional complexity, especially in frequency-selective channels.
In systems such as wideband orthogonal frequency-division
multiplexing (OFDM) systems, the channel responses are
different for different subcarriers, making optimum detection
ordering computationally intensive. Another issue is that the
channel quality difference between different layers tends to
decrease with increasing frequency selectivity, making the gain
of using optimum detection order less pronounced. Therefore,
the original V-BLAST system cannot achieve the full channel
capacity, even with optimum detection ordering.

Rate adaptation and/or power allocation for layered structures
depending on the instantaneous postprocessing signal-to-in-
terference-plus-noise ratio (SINR) have been investigated in
[8]-[10]. An interesting fact has been discovered that with
MMSE interference nulling and a properly selected rate for
each layer, the sum of capacities of all layers (with perfect SIC)
is exactly the instantaneous open-loop capacity [11], [12]. To
achieve the open-loop capacity, instantaneous rate feedback is
needed, which introduces transmission overhead. In addition,
for fast-varying environments, up-to-date rate feedback may
not be feasible.

For channels with high frequency selectivity or enough time
variation, the variations of layer capacities tend to decrease [13],
as suggested by the law of large numbers. Thus, we can ap-
proach the open-loop channel capacity by determining the rate
for each layer based on the knowledge of the channel statistics,
but not of the actual realizations. In this paper, we propose a
statistical rate-allocation approach for the layered space—time
structure. The novel approach fixes the detection order, but al-
locates different data rates for different layers according to the
detection order. Intuitively, the data rate should increase for later
layers, since they have better channel quality compared with
earlier detected layers. Our approach is to minimize the overall
layer outage probability given the total information rate. The key
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difference of our work from that in [8]—[10] is that we capitalize
on the statistical instead of instantaneous information of the
channel, so that frequent rate feedback is not required. Further-
more, explicit feedback may not be necessary, since the required
channel statistics are reciprocal in either a time-division duplex
(TDD) or a frequency-division duplex (FDD) system [14].

The paper is organized as follows. The system model is briefly
introduced in Section II, and the asymptotic optimum rate allo-
cation is derived in Section III. Simulation results are given in
Section IV, and the paper is concluded in Section V.

II. SYSTEM MODEL

For a flat-fading MIMO system with N, transmit and /V,. re-
ceive antennas (N; < N,.), the relationship between transmitted
and received signals can be expressed as

r=Hs+n

where r is a N,. X 1 received signal vector, s is a N; X 1 trans-
mitted signal vector, and H is an N,. X N; channel matrix with
entries being independent complex Gaussian random variables
of zero mean and unit variance. The /V,. X 1 noise vector n has
entries that are independent and identically distributed (i.i.d.)
zero-mean circular complex Gaussian random variables with
variance Nj. Assuming that each transmit antenna has the same
transmit power, the instantaneous open-loop channel capacity is
then [2]

C(H, p) = log, det (INT + N£HHH)
t

where Iy is an NV, x N, identity matrix and p is the signal-to-
noise ratio (SNR).

The layered structure was first proposed in [4] and [15]. The
input data stream is evenly divided into IV; substreams that are
independently encoded and sent via different antennas. The de-
tection in layered systems is carried out sequentially. To detect
the /th layer, interantenna interference from the detected layers
is cancelled from the received signal by subtracting the recon-
structed signals, i.e.,

rp=r-— E hy8m =111 —hy_181
m<l

where §,,,’s are the reconstructed signals of decoded layers. The
lth column of H is denoted as h;. Then, linear nulling is used
to suppress interference from all undetected layers, that is

zZ] = WIHI‘I

where the N, x 1 normalized weight vector w ;[n] nulls signals
from all other undecoded layers according to the MMSE crite-
rion. z; is used as input to the decoder for the /th layer.

III. RATE ALLOCATION FOR LAYERED SYSTEMS

In this section, we present our statistical rate-allocation ap-
proach for layered systems.
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Fig. 1. Comparison of capacity CDF Pr(C' < () with Gaussian approxi-
mation and simulations, N; = 4, SNR = 20 dB.

A. Statistical Rate Allocation

In the proposed approach, the detection order is fixed and
the data rate for each layer is adjusted according to the channel
quality and detection order of that layer. Without loss of gen-
erality, assume the order of detection is from transmit antenna
1 to N;. The instantaneous information rate to be allocated to
transmit antenna [ is [11], [12], [16]

Cl = 10g2 det <INr + iHllHlHl>
Ny

— log, det (IM + Lauf ) )
Ny
where H; = [h;41 hy4o -+ hy,]. Itis obvious that Hy = H.
It has been observed by various researchers that the distri-
bution of the capacity of a MIMO channel, Rayleigh or Ri-
cian, can be accurately approximated by a Gaussian distribu-
tion at medium and high SNRs [17], [18]. Similarly, we try to
approximate the distributions of instantaneous layer capacity by
Gaussian distributions, denoted as

Cvl ~ N(nl7012)

where 7; and o7 are the mean and variance of the capacity of the
[th layer, respectively. Fig. 1 compares the capacity cumulative
density function (CDF) obtained with Gaussian approximation
and simulations, which demonstrates that the Gaussian approx-
imation here is quite accurate. Table I gives the covariances of
layer capacities in a 2 x 2 layered system obtained by simulating
106 independent channel realizations. From the table, the layer
capacities are highly uncorrelated. Therefore, we assume that
the layer capacities are independently distributed to facilitate
our derivation.

When there are K independent channel realizations within
each data transmission, the variance of layer capacity can be
reduced and the the corresponding distribution is

Cra~ N (m,0%,)

where 0%, = (07 /K).
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TABLE 1
COVARIANCES OF LAYER CAPACITIES IN A 2X 2 LAYERED SYSTEM

SNR o o2 Cross covariance o2
14 2.0268 | 1.2138 -0.0942
16 2.2856 | 1.2533 -0.0780
18 2.5139 | 1.2868 -0.0626
20 2.7081 | 1.3031 -0.0443
22 2.8771 | 1.3170 -0.0352
24 2.9990 | 1.3261 -0.0229
26 3.1122 | 1.3297 -0.0208
28 3.1989 | 1.3343 -0.0118
30 3.2452 | 1.3391 -0.0112
32 3.3038 | 1.3398 -0.0063
34 3.3320 | 1.3451 -0.0049
36 3.3537 | 1.3447 -0.0048
38 3.3831 | 1.3439 0.0001
40 3.3820 | 1.3425 -0.0004

To obtain the optimum rate allocation, the mean and vari-
ance of layer capacities are needed. For a flat-fading i.i.d. com-
plex Gaussian channel, the mean may be derived directly from
the results by Telatar [2], which is an integral involving La-
guerre polynomials, and no simple explicit expression is avail-
able. Simple approximate formulas by using asymptotic results
in [19] and [20] may be used as an alternative. However, explicit
expressions for a general channel model with spatial correlation
are hard to derive, especially for the variance in frequency-selec-
tive channels. Therefore, we just compute the mean and variance
by taking enough samples of the channel parameters, which is
a feasible assumption, since the system can always get this in-
formation from past channel observations.

In order to obtain good statistics, a sufficient number of
channel estimates should be taken within each coherence dis-
tance, where the channel statistics stay constant. The coherence
distance of indoor channels is on the order of 5 m or less, while
for macrocellular channels, up to 500 m have been measured.
Given the speed of the terminal, we can easily determine the
requirements for the frequency of taking channel measurements
and updating the estimate of the channel statistics.

In order to properly select data rates for different layers, we
minimize P, the outage probability of the whole layered
system. It is equivalent to maximizing the probability when no
layers have information rates greater than the respective layer
capacities, i.e.,

Ny

Nt oo
1
1- P =[[1-P) = / R
H ll;[l w 2ro K,

=1

_(t=np)?

52
29% 1 dt

subject to the constraint that the total information rate is fixed

Ny
E u; = CT
=1

where v, is the information rate allocated to the [th layer. P, is
the outage probability for the /th layer.
Denote

up =T+ N

By setting up the equivalent Lagrangian, we try to find stationary
points, i.e.,

+2

Al > 1 T 552
J:h’l / —€ QUKJ dt
ll;[l ) \/27T0’K71
Ny Ny
MDD w+Y m-Cr). @
=1 =1

Direct calculation yields that the stationary point satisfies

%6 2”?(.1
2
TOK,1 — — )\ (3)
1 00 202
—27ra,<,l le e K. dt
forl = 1,2,..., N;. Since we are only interested in the case

when the input data rate is set such that reliable transmission is
guaranteed most of the time, we assume that the outage proba-
bility given the total information rate is small, or equivalently,
z; < 0, and |37l| > ok, thatis

+2

1 > T 552
—_— e Tridt=1.
vV 27TJK_1 /

Consequently, from (3)

Zy

2
L

1 2
_20%",1 %1n0K71+§1n(27r)\ ) (4)

By the constraint on total information rate

N, N
Z \/_ (J%(,z nof,+og,In 27r)\2) =0r - Z fmo OF
=1 m=1
Ny 2 2 2 N
914, % 90 2) = 0 —
; _ (Kan + %2 ) —Cr mgnm. s)

Since analytical solution to (5) is hard to obtain, we derive an
asymptotic solution for the case with K independent channel
realizations during each transmission and K going to infinity.
Let ) = —In 27 \2. Since the maximum of a number of values
is greater than or equal to their average, it is easy to see that
when K is large enough

o2 o2 o2 1 N
_ maxl max max/\/>_ C _ m
K "k Tk 72 =

N

m=1

where
Jmax:HlaX{O'l,O'Q,...,UNt}.
Then
2
Ny 2 2

K 1 o-. . O
V2o |0 X ) G

0 max t m=1
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which implies that A\’ asymptotically grows linearly with K.
Therefore, we have

N [03 Ny
DA EN RO =Y 0 6)
=1 m=1

since
ot ot
éf&KJ?KZO
forl =1,2,..., N;. From (4), we have

‘TTzzm : m<CT_Z77m>

and the asymptotic optimum rate for the [th layer is

ul~m+zmlm<OT—an>. @)

Therefore, the asymptotic optimum outage probability for each

layer is ,
o1 1 - tz
P = e kit
—co V2O K,

'T72n1:177m)
~ 2
:/ Doy L %
J—oo

which is the same for all layers.

From (7), the asymptotic optimum data-rate allocation is that
the data rate for each layer is backed off from the mean capacity
of the layer, and the amount of backoff is proportional to the
standard deviation of the layer capacity, which agrees with our
intuition that more backoff is needed for layers with more vari-
ation in channel quality. In addition, the minimum overall layer
outage probability is achieved when each layer has the same
layer outage probability. Define the normalized capacity margin
as

A \/? (Zi\;tzl Thm — CT)

$ = N,

The asymptotic optimum overall layer outage probability is then

Ny

P:ut_l_l_‘[(l_Pl*)

< 1 t2 Ny
=1- < \/ﬂe_Tdt> ®)
J—op

which states an interesting fact that the asymptotic minimum
overall layer outage probability of a layered system is uniquely
determined by the normalized capacity margin.

It should be noted that the approach proposed above can be
applied to cases where the association of transmit antennas with
substreams varies, or the channel is frequency-selective, such
as OFDM systems. We only have to sum up all the data rates
as given by (1) for each substream and determine the corre-
sponding mean and variance of the channel capacity for each
substream.
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B. Relationship Between Outage Probabilities

In this subsection, we investigate some relationship between
the outage probability of a layered system and that of the
channel. Using the approximation [21]

/ eTdtr S <1, a>1 ©)
Jax T
Equation (8) can be simplified as

. Ne o2

out ~

V2mp

Similarly, we can obtain the asymptotic outage probability of
the MIMO channel with the same overall information rate C
as

2
e_ifoch/2

1
Pl N —
- \4 27T<pch

where

VK (en — Cr)

Pch =
Och

Nen is the ergodic MIMO channel capacity, and o, is the vari-
ance of capacity of the flat-fading MIMO channel. Note that
from (1)

Tlch

N,
1=1
and since

() )

l

for any set of random variables v;’s, we have

N,
Och S § ap-
=1

Thus
\% K(’r/ch - CT)
Pch = ——
Och
N, N,
> VK (zm—cT)zm _
=1 =1
N. }
and Poyt > Pl = L o=¢'/2

V2T

2
Z Nt e_*od‘/Z ~ NtP(‘,h

1
V 27“)0(‘,}1

which implies that with the same overall information rate, the
asymptotic outage probability of layered structures is at least /V;
times that of the MIMO channel. However, the low complexity
of a layered structure makes it still a good candidate for high-
speed wireless systems.



DU et al.: STATISTICAL RATE ALLOCATION FOR LAYERED SPACE-TIME STRUCTURE 493

IV. SIMULATION RESULTS

In this section, we test the proposed statistical data-rate allo-
cation by first analyzing its outage probability and comparing it
with that of equal-rate V-BLAST and the channel outage proba-
bility. Then, a practical layered system is simulated to show the
performance improvement in terms of word-error rate (WER)
and effective throughput.

A. Comparison of Outage Probability

First, we use the outage probability to evaluate the perfor-
mance gap between layered structure and the MIMO channel.
We compare the outage probability of a 2x2 layered OFDM
system with the channel outage probability, which may serve as
a lower bound for WER of practical systems. Each substream is
cyclically associated with transmit antennas at different subcar-
riers to effectively reduce the variation of layer capacities. The
OFDM symbol structure conforms to the IEEE 802.11a PHY
standard with 20 MHz system bandwidth in the 5 GHz band.
We consider the performance in frequency-selective channels
with correlated fading at the antenna elements. Specifically, the
standard IEEE 802.11 TGn channel models “B” and “D” gener-
ated by the Matlab program available at [22] are used. Channel
“B” has a shorter delay spread than channel “D,” thus has less
frequency selectivity.

Fig. 2(a) and (b) compare the outage probability of the pro-
posed system and that of an unordered equal-rate V-BLAST
system where the detection order is fixed. The total informa-
tion rate per subcarrier is 9 b/s/Hz. It can be seen that for an
outage probability of 1%, the gap between outage probability
of the channel and that of the proposed system reduces from
3.2 dB for channel “B” to 1.3 dB for channel “D.” It can be ex-
plained by the fact that increased frequency selectivity reduces
the capacity variation of each layer. The SNR improvement for
an outage probability of 1% is 6.3 and 3.6 dB for channels “B”
and “D,” respectively.

To test the sensitivity of the asymptotic optimum rate allo-
cation to SNR, the outage probabilities of the rate allocation
optimized for SNR = 24 dB are compared with those where
the rates are optimized separately for each SNR. The perfor-
mance degradation of optimized rate allocation for a fixed SNR
is small in the 2 X 2 system, suggesting the robustness of the rate
allocation to SNR disturbance. In addition, optimum rate allo-
cation derived by a brute-force method is also demonstrated.
In the brute-force method, each grid point with each coordi-
nate being an integer multiple of 0.01 b/s/Hz is evaluated to
find the optimum of (2). The approximate solutions and the so-
lutions derived by brute-force method are further compared in
Fig. 3(a) and (b) for channels “B” and “D,” respectively. It can
be seen that the approximate solution gives quite accurate re-
sults, while it is much simpler to obtain.

B. Performance Comparison in Practical Systems

Next, we compare the performance of practical 2x 2 layered
systems, given the same or similar total input information rate.
Perfect channel estimation and synchronization is assumed.
Each packet contains 1 kB of data and 10000 packets are sent
for each SNR. In the conventional system, each substream is
coded using rate 3/4 industry-standard convolutional coding,
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Fig. 2. Outage probability of statistical rate allocation for a 2x2 layered
system. (a) Channel “B.” (b) Channel “D.”

interleaved, and modulated using a 64 quadrature amplitude
modulation (QAM) constellation. Two substreams are then sent
simultaneously, resulting in a total data rate of 108 Mb/s. Each
layer is fully deinterleaved and decoded before SIC.

Due to the limited number of supported data rates in a prac-
tical system, only binary phase-shift keying (BPSK), quaternaty
(Q)PSK, 16 QAM, and 64 QAM with convolutional codes of
rate 1/2,2/3,3/4, and 7/8 may be used for transmission of
each layer. Therefore, the optimum data rates have to be quan-
tized to the closest supported transmission modes and the code
rates. Modulation schemes for different layers may be different
depending on the statistics of layer channel quality after lay-
ered processing. The nominal total information rate as input to
the rate-allocation algorithm is set such that the resultant total
information rate after rate allocation is as close to that of the
conventional system as possible to make the comparison rea-
sonable. The rate allocation is optimized for the lowest SNR
such that the optimum overall layer outage probability is below
1%. The optimized rates are then shown in Table II(a) and (b),
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Fig. 3. Statistical rate allocation for a 2X2 layered system. (a) Channel “B.”
(b) Channel “D.”

TABLE II
TRANSMISSION MODES OF DIFFERENT LAYERS IN A 2X2 SYSTEM WITH
STATISTICAL RATE ALLOCATION. (A) CHANNEL “B.” (B) CHANNEL “D.”

Detection order Modulation | Code rate Layer data rate (Mbps)
1 16QAM 3/4 36
2 64QAM 7/8 63
(a)
Detection order Modulation | Code rate Layer data rate (Mbps)
1 64QAM 2/3 48
2 64QAM 7/8 63
(b)

for channels “B” and “D,” respectively. The total data rate is 99
and 111 Mb/s, respectively, compared with the 108 Mb/s of the
conventional layered system.

In Fig. 4(a), the WERs of the proposed system and the con-
ventional layered system are shown. For a WER of 10%, the
proposed system provides an SNR gain of about 5 and 3 dB
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Fig. 4. Simulation results for a 2 x 2 layered system with statistical rate alloca-
tion, 1000 B packet, channels “B” and “D.” (a) WER. (b) Effective throughput.

for channel models “B” and “D,” respectively. The effective
throughput of the same system is shown in Fig. 4(b). From the
figure, with the same SNR, the proposed system yields a max-
imum increase of about 38 and 32 Mb/s in effective throughput,
for channels “B” and “D,” respectively, while maintaining a sim-
ilar peak data rate.

Finally, a 4x 4 system is simulated and the results are shown
in Fig. 5. For the equal-rate V-BLAST, each of the four sub-
streams has the same configuration as the 2x?2 case, with the
total data rate being 216 Mb/s. The optimum rate allocations
that deliver similar data rate are shown in Table III(a) and (b),
with the resultant total data rates being 221 and 212 Mb/s, for
channels “B” and “D,” respectively. At a WER of 10%, the
SNR gain of the proposed system is 4.5 and 6.7 dB for channel
model “B” and “D,” respectively, when compared with equal-
rate V-BLAST. From Fig. 5(b), the maximum increase in effec-
tive throughput is about 91 and 174.5 Mb/s for channel “B” and
“D,” respectively.
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a Gaussian approximation of layer capacities, an asymptotic
optimum data-rate-allocation algorithm is derived. Simulation
results show significant performance improvement over the orig-
inal V-BLAST structure. Furthermore, the system performance
improves with increasing ergodicity within each codeword,
making it promising for frequency-selective channels.
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