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Abstract— The performance analysis and transceiver design
of an adaptive bit-interleaved-coded multi-input multi-output
orthogonal frequency division multiplexing (BIC-MIMO-OFDM)
system without channel station information (CSI) in priori are
investigated in this research. First, the noncoherent capacity of a
MIMO-OFDM system with N subcarriers, nt transmit antennas
and nr receive antennas is analyzed. It is shown that the lower
bound of noncoherent capacity in the high signal-to-noise ratio
(SNR) region is asymptotically equal to n∗(1−n∗ L

N
) log ρ, where

n∗ = min(nt, nr), L is the number of channel taps and ρ is
the SNR value. Then, an adaptive BIC-MIMO-OFDM system
based on transmitter beamforming and variable-rate-variable-
power (VRVP) QAM is proposed. The throughput of adaptive
scheme can achieve the noncoherent capacity, however, the gap
to the coherent capacity cannot be totally compensated due
to the overhead of training. The effect of imperfect channel
state information (CSI) feedback is studied. It is demonstrated
by numerical simulation that the proposed BIC-MIMO-OFDM
scheme has better performance than adaptive trellis coded
modulation (TCM) when outdated channel estimation is used.

I. INTRODUCTION

Space-time coding offers a bandwidth- and power-efficient
solution to wireless communications [1]. It exploits spatial
diversity from multi-input multi-output (MIMO) channels to
combat fading effects [2]. On the other hand, orthogonal
frequency division multiplexing (OFDM) has been adopted in
several commercial applications due to its robustness against
frequency-selective fading. Therefore, MIMO-OFDM is a
promising scheme for broadband wireless communications.

Adaptive modulation using variable-rate-variable-power
(VRVP) QAM was originally proposed and studied in [3].
A general framework of MIMO adaptive modulation was
presented and analyzed in [4] based on transmitter beamform-
ing and VRVP QAM. Alternative solution to this problem
is the “mercury/water-filling” strategy based on the universal
formula of mutual information and minimum-mean-square-
errors (MMSE) [5], where the “mercury” is to compensate the
gap between discrete constellations and the Gaussian input.
Adaptive bit-interleaved coded modulation was proposed in
[6] to provide a reliable adaptive transmission scheme when
outdated channel information is used. More recently, bit-
interleaved coded multiple beamforming (BICMB) [7] has
been proposed and shown to achieve the full spatial multi-
plexing gain while maintaining full diversity. Pioneering work
on applying adaptive modulation to MIMO-OFDM systems

can be found in [8], [9] and the references therein.
In this work, we consider an nt×nr MIMO-OFDM system

with N subcarriers. Following the techniques developed in
[10], we first derive theoretical capacity provided by an
MIMO-OFDM system without channel state information (CSI)
at the receiver end. We show that, in the high SNR region,
the lower bound of noncoherent capacity is asymptotically
equal to n∗(1 − n∗ L

N ) log ρ, where n∗ is min(nt, nr), L is
the number of channel taps, and ρ is the signal-to-noise ratio
(SNR). A similar result was also reported in [11], where
the behavior of noncoherent capacity of a wideband MIMO-
OFDM was analyzed as a function of the total bandwidth.
Then, we propose an adaptive bit-interleaved coded modula-
tion scheme to achieve the noncoherent capacity while still
maintain consistently reliable performance. However, the gap
to the coherent capacity cannot be totally compensated due to
the overhead of training.

The rest of this paper is organized as follow. A general
MIMO-OFDM system over time-varying frequency-selective
fading channels is discussed in Sec. II. Theoretically achiev-
able capacity provided by a MIMO-OFDM system without
the knowledge of channel state information (CSI) is analyzed
in Sec. III. The transceiver of a BIC-MIMO-OFDM system
using transmitter beamforming is presented in Sec. IV Three
adaptive squared QAM schemes are considered in Sec. V. The
imperfect CSI effect is discussed in Sec. VI. The performance
of the proposed scheme is evaluated and contrasted with
adaptive TCM in Sec. VII. Concluding remarks are given in
Sec. VIII.

II. SYSTEM MODEL

We consider a MIMO-OFDM system with nt transmit
antennas and nr receive antennas. Let N be the total number
of subcarriers and si(m) = [si,0(m), . . . , si,N−1(m)]T the
mth block of frequency-domain symbols sent by the ith
antenna. The corresponding time-domain vector is given by
xi(m) = WHsi(m), where W is the N -point discrete Fourier
transform (DFT) matrix.

Let the discrete-time channel response from the
ith antenna to the jth antenna be hi,j(m) =
[hi,j,0(m), · · · , hi,j,L−1(m)]T where L is the maximum
channel length. The covariance matrix of channel taps
is Σhij = E(hi,jhH

i,j). The Rayleigh fading is assumed
and {hi,j}nt,nr

i=1,j=1 are i.i.d zero-mean complex Gaussian



random vectors with covariance matrix Σhij = Σh. Under
the wide-sense-stationary-uncorrelated-scattering (WSSUS)
assumption, Σh is a diagonal matrix with [σ2

0 , σ2
1 , · · · , σ2

L−1]
T

as diagonal entries with
∑L−1

l=0 σ2
l = 1. A cyclic prefix (CP)

of length LCP > L is appended in front of xi(m) to eliminate
the interblock interference (IBI). Assuming N � L, the
loss of spectral efficiency due to CP inserted is neglected
throughout the paper. The resulting vector u i(m) with length
Lu = N + LCP is then transmitted over the channel.

After matched filtering and sampling and CP removal, the
frequency domain signal, which is obtained by applying DFT
to the received discrete time vector, can be represented as

y(k)
m = H(k)

m s(k)
m + n(k)

m , (1)

where y(k)
m and s(k)

m are the nr×1 output vector and nt×1 in-
put vector, respectively, H(k)

m is the nr×nt channel frequency
response matrix corresponding to the kth subcarrier and the
mth OFDM symbol, and AWGN noise vectors {n(k)

m } are i.i.d.
CN (0, σ2I) distributed.

III. CAPACITY ANALYSIS

In the following, we use I(x, y), Y, S and H to represent
the mutual information of x and y, the received signals,
transmitted signals and channel realization, respectively.

A. Coherent Capacity

Assume that the channel state information (CSI) is only
known at the receiver and the transmitter power is constrained
by P . The ergodic capacity thus be obtained by averaging all
channel realizations as

Ccoh = EHw(log(det(Inr +
P

ntNσ2
HwHH

w ))), (2)

where Hw is of dimension nr ×nt and i.i.d. CN (0,1) entries.
It is well known that this is achievable using i.i.d. Gaussian
codewords [12]. The property of the Wishart distribution can
be used to derive its closed form representation. In the high
SNR region, we have the following approximation

lim
ρ→∞

Ccoh

log ρ
= min(nt, nr) = n∗, (3)

where
ρ =

P

ntNσ2

is the transmit SNR. This spatial multiplexing gain is identical
to the capacity of using the water-filling technique when CSI
is known at the transmitter in the high SNR region.

B. Noncoherent Capacity

If the CSI is unknown at the receiver, the noncoherent
capacity can be represented as

Cnon = sup
p(S)

I(Y,S). (4)

Using the chain rule, we can decompose the mutual informa-
tion as

I(Y,S) = I(Y,S,H) − I(Y,H|S). (5)

According to the property that mutual information is greater
than conditional mutual information, we have I(Y,S,H) >
I(Y,S|H). It is straightforward to show that

I(Y,H|S) ≤ ntnr

N

L−1∑
l=0

log(1 + ρNσ2
l ). (6)

Substituting (6) into (5), we have the lower bound of the
noncoherent capacity as

Cnon ≥ CnonLB = Ccoh − ntnr

N

L−1∑
l=0

log(1 + ρNσ2
l ). (7)

In the high SNR region, the lower bound is asymptotically
equal to

lim
ρ→∞

CnonLB

log ρ
= n∗(1 − n∗ L

N
), (8)

where n∗ = min(nt, nr) and detailed proof is shown in
Appendix. Since (8) is a second order polynomial, it can be
maximized by choosing n∗ = N

2L with the maximum lower
bound equal to N

4L . If N
2L is not an integer, we can choose the

nearest integer to N
2L to be n∗ to maximize the lower bound.

Fig. 1 illustrates this high SNR lower bound as a function of
n∗ and L/N .

Based on the above analysis, we have the following design
rules for MIMO-OFDM systems.

1) The number of transmit antennas should not be larger
than that of receive antennas.

2) The maximum number of transmit antennas should not
be larger than N/2L.

3) If the channels are fixed during M OFDM blocks,
(8) still holds with N replaced by NM . Thus, the
noncohernet capacity is larger when the ratio of the
number of unknown channel taps to the number of
symbols suffering equal fading gains becomes smaller.

It is well known that Cramer-Rao bound (CRB) decays with
SNR, which implies that we can obtain reliable channel
estimation in the high SNR region using the MMSE estimator.
The identification of all n∗2L channel taps requires at least
the same number of pilots. Therefore, in high SNR region,
the above lower bound can be achieved using n ∗L pilots at
each transmit antenna. This overhead will cause a penalty with
ratio n∗L

N .

IV. TRANSCEIVER DESIGN FOR ADAPTIVE BIC
MODULATION

We consider the bit-interleaved coded (BIC) modulation
scheme for MIMO-OFDM systems in this section. The MIMO
channel model for a particular tone k can be represented by

y(k)
m = H(k)

m s(k)
m + n(k)

m . (9)

Let the singular value decomposition of H(k)
m be H(k)

m =
U(k)

m D(k)
m V(k)

m

H
, where U(k)

m and V(k)
m are unitary matri-

ces, and D(k)
m is a diagonal matrix with diagonal entries

{d(k)
i (m)}n∗

i=1. Multiplying (9) by U(k)
m

H
, we get

U(k)
m

H
y(k)

m = y(k)′
m = D(k)

m s(k)′
m + n(k)′

m , (10)



0
0.05

0.1
0.15

0.2
0.25

0

5

10

15
0

5

10

15

L/Nn*=min(n
t
,n

r
)

C
no

n,
LB

/lo
gρ

Fig. 1. The lower bound of noncoherent capacity of MIMO-OFDM in high
SNR region as a function of n∗ and L/N .

where s(k)′
m = V(k)

m

H
s(k)
m and n(k)′

m = U(k)
m

H
n(k)

m . Please
note that s(k)′

m and n(k)′
m have the same distribution as s(k)

m

and n(k)
m , respectively, due to the unitary property of U (k)

m

and V(k)
m

H
. Thus, we have decomposed the MIMO channel

for a particular tone into n∗ parallel subchannels, and there
are totally n∗N subchannels in a MIMO-OFDM systems. To
ensure that the BIC-MIMO-OFDM system provides full diver-
sity, the bit-interleaver should be carefully designed such that
consecutive coded bits will be mapped to different antennas
and subcarriers.
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Fig. 2. The transmitter of the adaptive BIC-MIMO-OFDM system.
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Fig. 3. The receiver of the adaptive BIC-MIMO-OFDM system.

To obtain reliable estimates of initial channel taps even

in the presence of deep fading, we select L pilot tones
in each OFDM block. Since pilot tones are known at the
receiver, the sequential MMSE estimator can be derived using
the standard Kalman filter. The turbo receiver in the data
mode proposed in [13] can be directly adopted to perform
joint channel estimation and symbol detection. The predicted
channel information is then fed back to the transmitter to
determine the adaptive scheme. Thus, the system can allocate
power and bits based on imperfect and outdate CSI.

V. SQUARED QAM SCHEMES WITH VRVP, VR AND VP

We incorporate the adaptive variable-rate variable-power
(VRVP) QAM in the BIC modulation in this section.

A. Adaptive QAM

Since the feedback channel information is outdated with
estimation errors, it may not be meaningful to optimize the
performance based on such information. Instead, we propose
to adjust the modulation based on uncoded QAM, and the
coding gain provided by BIC aims to compensate the estima-
tion error. The bit-error-rate (BER) of uncoded square QAM
constellation of size 2r, where r is an even integer, can be
approximated by [3]

BERQAM ≈ 0.2 exp(
−1.5γ

2r − 1
), (11)

where γ is the received SNR per symbol. Given a target BER
at BERt, the number of bits per constellation symbol can be
determined by

r = 2j, if 2j ≤ log2(1 +
1.5γ

ln( 0.2
BERt

)
) < 2(j + 1). (12)

To improve spectral efficiency in the low SNR region, we
allow BPSK if the 4-QAM cannot meet target BER constraint.
That is,

r = 1, if (Q−1(BERt))2 ≤ γ <
(Q−1(BERt))2

2
, (13)

where Q−1(·) is the inverse Q-function and Q(x) =
1√
2π

∫ ∞
x

e−z2/2dz.

B. Variable-Rate Variable-Power (VRVP) QAM

Let the power and the constellation rate allocated at the
i-th subchannel of the k-th subcarrier be P

(k)
i and r

(k)
i ,

respectively. The optimization problem can be represented as

max
r
(k)
i

∑
i,k

r
(k)
i (14)

subject to
∑
i,k

P
(k)
i ≤ P, BER(k)

i ≤ BERt,

r
(k)
i ≥ 0, P

(k)
i ≥ 0. (15)

Several algorithms have been proposed to solve this problem;
for example, methods described in [3], [4] and [9]. However,
their complexity are too high to be adopted in a real-time
adaptive system. We consider two suboptimum solutions in
the next two subsections.



C. Variable-Rate (VR) QAM

In the variable-rate (VR) QAM scheme, each subchannel
is allocated with the same power; namely, P

(k)
i = P

ntN
, but

with a variable constellation. The constellation size allocated
to each subchannel can be found as

r
(k)
i = 2j, if 2j ≤ log2(1 +

1.5d
(k)2
i

P
ntNσ2

ln( 0.2
BERt

)
) < 2(j + 1), (16)

which is obtained using (12). The throughput per channel use
of discrete rate adaption scheme with J different constellation
size of square QAM can be obtained by averaging this
instantaneous rate with respect to the pdf of λ = d2, which is
the eigenvalue of Wishart matrix [14]:

Rdis.VR = n∗
J∑

j=1

∫ λU,j(ρ)

λL,j(ρ)

2jpλ(λ)dλ + n∗
∫ ∞

λU,J (ρ)

2Jpλ(λ)dλ,

where λL,j(ρ) = 22j−1
ρ/K and λU,j(ρ) = 22(j+1)−1

ρ/K . The

selection of VR constellations based on d
(k)
i , BERt and

transmitter SNR (P/ntNσ2) is summarized in Table I. An
example of VR-QAM selection is given in Table II, which
has the following system parameters: BERt = 10−3, K =
ln(0.2/BERt)

1.5 = 4.893, nt = 4, N = 64, and P/σ2 = 44dB

TABLE I

ADAPTIVE VR QAM SELECTION.

Size d2 Region, K =
ln(0.2/BERt)

1.5

0 d2 < (Q−1(BERt))
2

P/ntNσ2

BPSK (Q−1(BERt))
2

P/ntNσ2 ≤ d2 <
(Q−1(BERt))

2

P/2ntNσ2

4-QAM (Q−1(BERt))
2

P/2ntNσ2 ≤ d2 < 15K
P/ntNσ2

16-QAM 15K
P/ntNσ2 ≤ d2 < 63K

P/ntNσ2

64-QAM 63K
P/ntNσ2 ≤ d2 < 255K

P/ntNσ2

256-QAM 255K
P/ntNσ2 ≤ d2

TABLE II

AN EXAMPLE OF ADAPTIVE VR QAM SELECTION WITH BERt = 10−3 ,

K = 4.893, nt = 4, N = 64, AND P/σ2 = 44dB.

Size Example
0 d < 0.31

BPSK 0.31 ≤ d < 0.44
4-QAM 0.44 ≤ d < 0.86
16-QAM 0.86 ≤ d < 1.76
64-QAM 1.76 ≤ d < 3.53

256-QAM 3.53 < d

D. Variable-Power (VP) QAM

We employ a fixed constellation for all subcarriers in the
variable-power (VP) QAM scheme and consider the power al-
location problem. The optimization problem can be formulated

TABLE III

THE PSEUDO CODE FOR THE VP ADAPTIVE SCHEME.

1. Order {d(k)
i } from the largest to the smallest

The ordered set is written as {d̃j}ntN
j=1 ,

where (i, k) ↔ j is a 1 to 1 mapping.
2. For r=1,2,4,6,8

j = 0; P̃ = 0; {P̃j,r}ntN
j=1 = 0;

if P̃ < P
{ j = j + 1;

calculating P̃j,r from (19);
P̃ = P̃ + P̃j,r};}

R̃r = (j − 1)r; P̃j,r = 0;

3. Return r∗ = argmaxr R̃r and set {P (k)
i } ↔ {P̃j,r∗}ntN

j=1 .

as

max
r
(k)
i

∑
i,k

r
(k)
i (17)

subject to
∑
i,k

P
(k)
i ≤ P, BER(k)

i ≤ BERt,

r
(k)
i = r or 0, P

(k)
i ≥ 0. (18)

It can be solved as follows. First, for each r, we calculate the
required power in each subchannel using (12) and (13) from
the largest d

(k)
i to the smallest one. Then, we have

P
(k)
i =

⎧⎪⎨
⎪⎩

Q−1(
√

BERt)σ2/d
(k)2
i , r=1;

2Q−1(
√

BERt)σ2/d
(k)2
i , r=2;

(2r − 1)Kσ2/d
(k)2
i , r=4,6,8.

(19)

Next, add P
(k)
i from the smallest one up to their summation

just below the power constraint,
∑

i,k P
(k)
i < P . Set other

P
(k)
i = 0 and their corresponding r

(k)
i = 0. Finally, choose the

constellation with 2r points that maximizes
∑

i,k r
(k)
i . Table

III presents the pseudo code of the VP adaptive scheme.
It is easy to see that VRVP has the highest computational

complexity, next VP and finally, VR. Note that, in the high
SNR region, the capacity limit with CSI at the transmitter
(waterfilling) is equal to that without CSI at the transmitter.
Thus, VR has the same asymptotic performance as VRVP yet
with a much lower complexity.

VI. ANALYSIS OF IMPERFECT CSI EFFECT

It is assumed that the true channel and the estimated channel
with imperfect CSI is related via

H(k)
m = Ĥ(k)

m + R(k)
m , (20)

where H(k)
m , Ĥ(k)

m and R(k)
m are the true channel, the imperfect

estimated channel and the estimation error, respectively. We
adopt the partial CSI model derived in [9]. That is, R (k)

m is
i.i.d. and CN (0, σ2

eI) distributed, where σ2
e = (1−β2)nr and

β is the correlation coefficient specified by the Jakes’ model.
Both the transmitter and the receiver use the SVD of estimated
CSI, Ĥ(k)

m = Û(k)
m D̂(k)

m V̂(k)
m , to perform beamforming and



recover the transmitted symbol. Then, (10) becomes

y(k)′′
m = Û(k)H

m (H(k)
m V̂(k)

m x(k)′
m + n(k)

m )
= D̂(k)

m x(k)′
m + Û(k)H

m R(k)
m V̂(k)

m x(k)′
m + n̂(k)′′

m ,(21)

where n(k)′′
m = Û(k)H

m n(k)
m has the same distribution as n(k)

m .
Consequently, imperfect CSI not only affects the subchannel
gain but also introduces subchannel interference.

The effective SNR of the i-th subchannel can be found from
(21) as

γ
(k)
i,eff =

E{|y(k)
i,m|2}|x(k)

j,m=0,j �=i,n
(k)′′
m =0

E{|y(k)
i,m|2}|x(k)

i,m=0

=
P

(k)
i d̂

(k)2
i

σ2

1 + σ2
e/d̂

(k)2
i

1 +
∑nt

j=1,j �=i P
(k)
j σ2

e/σ2
. (22)

However, since the rate adaption scheme is based on the

estimated SNR, γ
(k)
i,est = P

(k)
i d̂

(k)2
i

σ2 , we have

γ
(k)
i,est

γ
(k)
i,eff

=
1 +

∑nt

j=1,j �=i P
(k)
j σ2

e/σ2

1 + σ2
e/d̂

(k)2
i

. (23)

When the ratio is larger than 1, the SNR is over-estimated.
On the other hand, when the ratio is smaller than 1, the SNR
is underestimated.

Consider the scenario that the system is operated under
the VR scheme. Using (22), the effective SNR of the i-th
subchannel can be found as

γ
(k)
i,eff,VR =

P d̂
(k)2
i

ntNσ2
(

1 + σ2
e/d̂

(k)2
i

1 + P (nt−1)σ2
e

Nntσ2

). (24)

and the estimated SNR, γ
(k)
i,est,VR = Pd̂

(k)2
i

ntNσ2 . We observe that

γ
(k)
i,est,VR

γ
(k)
i,eff,VR

=
1 + P (nt−1)σ2

e

Nntσ2

1 + σ2
e/d̂

(k)2
i

. (25)

The ratio becomes larger when the transmitter SNR, P
ntNσ2 ,

increases. In the high SNR region, the ratio will be larger
than 1 for all subchannels. Consequently, the system attempts
to allocate constellations of higher spectral efficiency to strong
subchannels, which tend to fail to meet the target BER. Thus,
increasing the transmit SNR will not solve the problem of sub-
channel interference totally although it provides more reliable
channel estimation (with smaller σ2

e ). For fixed transmit SNR,

the ratio becomes larger in subchannels with larger d̂i
(k)

while

becomes smaller in subchannels with smaller d̂i
(k)

. It means
that it is more likely to overestimate the subchannel SNR
value in strong channels and underestimate the subchannel
SNR value in weak channels due to the imperfect CSI effect.
For example, consider the case with σ2

e = 0.01 and other
parameters given in Table II. When d̂

(k)
i = 1, the VR system

allocates 16-QAM based on the estimated SNR, γ̂
(k)
i,est = 20,

in this subchannel. On the other hand, according to (23), the

effective SNR, γ̂
(k)
i,eff , using noisy SVD is 14dB which can

support 4-QAM only at given BERt.
Note that (25) is slightly different from the result derived

using a similar approach in [4] since we extract all components
corresponding to the desirable symbol while all components
in the second term in (21) are treated as interference in [4].

VII. SIMULATION RESULTS

In the simulation, we set N = 64, L = 4 and nt = nr = 4
with a target BER at 10−3. The receiver does not have the
knowledge of CSI so that we reserve nr ×L = 16 pilots from
a total of N = 64 subcarriers for the training and tracking
purpose. Fig. 4 shows that the VRVP scheme performs the
best among three schemes since it has two degrees of freedom
in this optimization problem. The VR scheme performs the
worst. However, the performance gaps narrows as the SNR
value becomes higher. The VP scheme performs almost the
same as the VRVP scheme in the low SNR region but the
performance gap increases with SNR. It is due to the rate
loss from the constant constellation constraint. By taking the
implementation complexity into account, it is better to choose
the VR scheme in the low SNR region and the VP scheme in
the high SNR region.

It is observed that the gap between the lower bound of
nocoherent capacity and coherent capacity increases as SNR
becomes larger. This is due to a penalty of L/N paid as
shown in (8), which reduces the slope from n t = 4 to
nt(1 − nt

L
N ) = 3. We see that both VRVP and VP schemes

can achieve noncoherent capacity at any SNR while the VR
scheme can only achieve the capacity in the high SNR region.
It implies that power allocation is more useful to enhance
throughout than rate adaption when the power is limited. The
throughput of adaptive scheme can achieve the noncoherent
capacity, however, the gap to the coherent capacity cannot be
totally compensated due to the overhead of training.
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Since TCM and BICM have a similar trellis structure at the
same coding rate, their decoding complexities are almost the
same. Thus, we choose adaptive TCM as a benchmark for per-
formance comparison. Fig. 5 compares the BER performance
of MIMO-OFDM with adaptive TCM and BICM. The adaptive
scheme is designed with respect to an uncoded BERt = 10−3.
It is obvious that adaptive BIC-MIMO-OFDM performs better
in the presence of channel estimation (or prediction) errors.
This is because that each bit is protected in BIC-MIMO-
OFDM and has the full diversity through a carefully designed
bit-interleaver. In contrast, the adaptive TCM scheme demands
the knowledge of uncoded bits to choose the constellation
size. Also, the interleaver in TCM is operating at the symbol
level and does not achieve the same time diversity as the bit
interleaver.
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Fig. 5. Comparison of BER performance for two MIMO-OFDM systems
using adaptive TCM and adaptive BICM, respectively, in the presence of
imperfect CSI.

VIII. CONCLUSION

The noncoherent capacity of MIMO-OFDM systems was
first derived in this work. Then, an adaptive BIC-MIMO-
OFDM scheme that exploit transmitter beamforming and
variable-rate-variable-power QAM was proposed to enhance
the throughput in a time-varying environment. The perfor-
mance of adaptive VRVP, VR and VP schemes was analyzed
and evaluated via computer simulation. The imperfect CSI ef-
fect on the effective channel SNR was explained. It was shown
by simulation results that the adaptive BICM outperformed
adaptive TCM when outdated channel estimation was used.
Simulation results also suggested that power allocation is a
better choice to enhance throughput than rate adaption when
the total power is limited.

APPENDIX

A. Proof of (8)

In the high SNR region, an improved lower bound can be
obtained by turning off the “dispensable antennas”, i.e., only
n∗ × n∗ channels being used. Then, we have

lim
ρ→∞

L−1∑
l=0

log(1 + ρNσ2
l ) = L log ρ. (26)

By substituting (3) and (26) into (7) and replacing n tnr with
n∗2, we obtain the result in (8).
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