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Abstract
Channel
variation
during
channel-stateinformation (CSI) feedback makes the information
out-of-date and deteriorates system performance.
Thus, channel prediction is essential for adaptive
transmission techniques. In this paper, an adaptive
modulation and coding scheme for multiple-input
multiple-output (MIMO) systems on flat Rayleigh
fading channels is proposed based on channel
prediction. For a given modulation and coding set
(MCS), the average packet error rates are derived
as functions of the predicted channel information
(short-term CSI) and the prediction error variance
(long-term CSI). Based on the long-term and the
short-term CSI’s, the required transmit power for
each MCS option is obtained. Simulation results show
that the proposed scheme efficiently compensates the
performance degradation introduced by the feedback
delay.

1. Introduction
With increasing demand on multimedia services,
high spectral efficiency (i.e., high throughput) has
become a very important issue in modern wireless
communication systems. However, wireless communication systems always undergo fading channels which
degrade the overall performance of the systems. Adaptive modulation and coding (AMC) allows us to compensate the performance degradation and even enlarge
the throughput of a system. Most of the earlier researches on AMC assumed that there is no time delay
between channel estimation and actual transmission
(i.e., no feedback delay). But in practical mobile communication systems, it cannot be applied due to the
time variation of the channel during the feedback delay
and the performance would be seriously degraded.
Thus, a channel prediction considering the feedback
delay is inevitable. In [1], an adaptive modulation
technique for single antenna systems on flat Rayleigh
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fading channels was proposed. The proposed system
predicts channel at a mobile station (MS) and performs
an adaptive transmission at a base station (BS) by
exploiting the conditional probability distribution of
the true channel value given at a predicted value. It
was shown that the spectral efficiency can be increased
by considering the conditional pdf rather than direct
channel inversion. However, the system is not practical
since only a single antenna system and a single user
case are assumed.
On the other hand, multiple-input multiple-output
(MIMO) antenna systems have been widely used to
increase spectral efficiency. In [2], performance enhancement of an adaptive coded modulation scheme
with multiple receive antennas by channel prediction is
evaluated. Using the correlation coefficient between a
predicted channel value and the true value, the average
bit-error rate was obtained. However, this system also
assumes just a single user case.
In this paper, we propose an adaptive modulation
and coding scheme for MIMO systems based on channel prediction. It is an extension of [1] into a MIMO
multiuser system and the corresponding conditional
pdf is derived. The proposed system can adopt users
with different numbers of receive antennas as well
as with different predictors by using long-term CSI
and short-term CSI while only single user case is
considered in [1][2].

2. System Model
In this paper, we consider an AMC scheme based
on channel prediction for MIMO systems on flat
Rayleigh fading channels. The overall system structure
is as shown in Figure 1. The flow of proposed system
is as follows. At an MS, channel is estimated for each
spatial path by using pilot symbols transmitted from
the BS, and the estimated values are forwarded to
the channel predictor. The channel predictor keeps the
forwarded channel values in buffers, whose lengths are

Figure 1. System Model.

determined by implementation specifics, for each path.
Using the buffered values, channel values after a predetermined time constant is predicted and the channelstate-information (CSI) generator calculates predicted
signal-to-noise ratio (SNR) after the maximal-ratio
combining. The predicted SNR, called a short-term
CSI, is then reported to BS. Here, we assume that
an MS reports the short-term CSI in every slot (or
packet) interval. Since the true SNR value can be
obtained later, the prediction error variance can also
be calculated and this value is reported to the BS as
a long-term CSI (i.e. the report period is much longer
than that of the short-term CSI). The CSI generator
also reports the number of receive antennas so that the
BS can support MS’s with various numbers of receive
antennas. Here, we assume that there is no error in the
feedback channels.
Since a Rayleigh fading channel is assumed, the
real and imaginary parts of the channel are zero-mean
Gaussian random variables with equal variance. When
the number of transmit antenna is two, Alamouti’s
space-time coding scheme [3] is used. We assume that
the number of transmit antennas at the BS is up to
two and there is no limit on the number of receive
antennas at an MS. Let M ∈ {1, 2} be the number
of transmit antennas and N ∈ Z + be the number
of receive antennas. The channel hi,j between the
ith transmit antenna and the jth receive antenna is
assumed to be independent and identically distributed
for all 0 ≤ i ≤ M − 1 and 0 ≤ j ≤ N − 1.
When M = 1, the system is just a maximal-ratio
combining system whose diversity order is equal to
N . When M = 2, we use the Alamouti’s scheme that
transmits two symbols through two antennas during
two consecutive symbol periods.
The received signal at the pth symbol period can

be expressed in vector form as
r
rp =

P T
H xp + wp ,
M

(1)

where rp is the received signal vector containing the
received signal at each receive antenna, P is the
transmit power, H is the channel matrix whose element
at the ith row and the jth column represents the
channel between the ith transmit antenna and the jth
receive antenna, hi,j , xp is the normalized transmit
symbol vector at the pth symbol period, and wp is the
additive white Gaussian noise (AWGN) vector. Here,
the channel matrix is assumed to be invariant during
the two symbol periods. In [3], it is shown that the
performance is determined by the combined SNR given
as

γ=

PM −1 PN −1
2
( i=0
j=0 |hi,j | )PT
2
N σw

,

(2)

where M and N are the number of transmit and
receive antennas, respectively, hi,j is the complex
channel value of the spatial channel between the ith
transmit antenna and the jth receive antenna, PT is
2
the transmission power, and σw
is the noise variance.

3. Channel-State-Information (CSI)
The CSI is comprised of two categories: the shortterm CSI and the long-term CSI. The short-term CSI is
reported frequently so that the transmitter can track the
fast Rayleigh fading channels and the long-term CSI is
reported with much longer period since the statistical
characteristic of the fading is slowly changed.

3.1. Short-Term CSI

3.2. Long-Term CSI

The predicted SNR is reported from an MS to
a BS as a short-term CSI. The prediction is done
by exploiting present and past values of estimated
channel values. First of all, we assume perfect channel
estimation for simplicity. Let Ppilot be the pilot symbol
power for each transmit antenna, then the estimated
channel value between the ith transmit antenna and
the jth receive antenna is
αi,j =

p
Ppilot · hi,j .

P
−1
X

ai,j [p]αi,j [n − p],

(4)

p=0

where n denotes the current time index, D is the
amount of time the predictor looks ahead (i.e. prediction step), and ai,j [p], 0 ≤ p ≤ P − 1 is the prediction
filter coefficients. It is known that the optimal linear
predictor is the Wiener filter and the filter coefficients
can be obtained by orthogonality principle [4] as
ai,j = R−1
i,j ri,j ,

(5)

where Ri,j is the autocorrelation matrix of αi,j , ai,j =
[a[0] a[1] ··· a[P −1]]T is the prediction filter coefficient vector, ri,j = [Ri,j [D] Ri,j [D+1] ··· Ri,j [D+P −1]]T
is the autocorrelation vector, and Ri,j [k] =
∗
E{αi,j [n]αi,j
[n + k]}. In the sequel, we omit the time
indices unless there is any ambiguity in expressions.
Then, since the received signal is maximal-ratio combined, the overall predicted SNR is the sum of absolute
square of all predicted values as
PM −1 PN −1
γ̃ =

i=0

j=0
2
M σw

|α̂i,j |2

.

(6)

2
The noise variance σw
is assumed to be perfectly
estimated and we introduce the tilde since this predicted SNR is biased. The unbiased predictor is finally
achieved by eliminating the bias as [1]

γ̂ = γ̃ + E{γ − γ̃}.

2
= E{|γ̂ − γ|2 }.
σ²,γ̂

(3)

For each channel between all possible combinations of
transmit and receive antennas, a buffer is dedicated and
the estimated values are stored. Here, we assume that
the lengths of all buffers are equal to P , which implies
the prediction order. In a linear predictor, the predicted
value for the channel between the ith transmit antenna
and the jth receive antenna is expressed as a linear
combination of the present and the past values as

α̂i,j [n + D] =

The long-term CSI contains two components: the
number of receive antennas, N , and the error variance
2
of predicted SNR, σ²,γ̂
. As will be discussed later, the
number of receive antennas is required for adaptive
modulation and coding at the BS. The true SNR value
corresponding to a predicted SNR can be obtained afterward. Therefore, we can calculate the error variance
of the predicted SNR as

(7)

(8)

Note that there is no restriction on the prediction
order. Thus, each MS can have its own predictor with
different prediction order. Even the extreme case that
the order is 1 (no prediction) is available. But the
prediction step should be the same for all MS’s.

4. Adaptive
(AMC)

Modulation

and

Coding

The BS has modulation and coding set (MCS) in
which each different modulation order and code rate
are defined. By using the reported CSI of each MS,
the BS determines the required transmit power of the
MS that can meet the target error rate, which is predetermined, for each MCS option. Then, the adaptive
loading scheme in [5] can be used for the active user
and the corresponding MCS option selection. Let us
consider this scheme in detail.
The packet error rate curve, which might be obtained by simulation for each MCS option, can be
successfully approximated by an exponential function
of the received SNR, γ, by curve fitting as
½
Pe,i (γ) =

ai exp(−bi γ)
1

γ ≥ γth,i ,
γ ≤ γth,i ,

(9)

where Pe,i is the approximated packet error rate for
ith MCS option when the SNR is γ, ai and bi are
constants for ith MCS option determined by curve
fitting, and γth,i is the threshold value where the packet
error rate becomes one as the SNR decreases. For a
given predicted SNR, the true SNR value is distributed
around the predicted value. Once the conditional probability distribution is determined, the average error
probability, Pe,i (γ̂, PT ), for each MCS option given
the predicted SNR γ̂ and the transmit power PT can
be obtained as
Pe,i (γ̂, PT ) = E{Pe,i (γ)|γ̂}
Z ∞
γPT
=
ai exp(−bi
)f (γ|γ̂)dγ,
P
pilot
−∞
(10)

where f (γ|γ̂) is the conditional probability of the
true SNR value γ given the predicted SNR value γ̂.
Since each channel hi,j is assumed to be Gaussian
distributed, αi,j is also Gaussian distributed. Since
α̂i,j is an output of the Wiener predictor, αi,j can be
expressed as
αi,j = α̂i,j + ²i,j ,

(11)

where ²i,j is a zero-mean Gaussian random variable. The conditional distribution of αi,j at a given
α̂i,j is Gaussian with mean α̂i,j and variance σ²2 ,
var{αi,j |α̂i,j } = Ri,j [0] − aH
i,j ri,j . Note that the variance can be easily estimated once we estimate the true
value of αi,j . Therefore, the maximal-ratio combined
SNR becomes a non-central χ2 random variable [6]
and its conditional probability density function (pdf)
is given as
1
ρ
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Table 1. MCS used in simulation
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where ρ =
L = M N , and IL−1 (·) is the
(L − 1)th order modified Bessel function. Substituting
(12) into (10) and calculating the integral, we get the
average packet error rate of the ith MCS option as a
function of transmit power, PT , and the CSI vector
2
c = [cL cS ], cL = (σ²,γ̂
, N ), cS = γ̂ as

−3

10

2
σ²2 /σw
,

Pe,i (PT , c) =

h
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2 Lρ
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e
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¶
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γ̂
2
·QL
−
L
,
,
A ρ∆PT
ρ

(13)
where ∆PT = PT /Ppilot , QL (·) is the generalized Q2
function [6], and A = 1 + bi ρ∆PT . Here, ρ = σ²2 /σw
can be obtained from the CSI as
q
2
γ̂ − γ̂ 2 − Lσ²,γ̂
σ²2
ρ= 2 =
.
(14)
σw
L
Using the reported CSI and the target error rate, the
required transmit power of the ith MCS option at a
given CSI vector c can be calculated inversely from
(13). Since Pe,i (PT , c) is a monotonically decreasing
function of PT , a simple binary search with proper
initial condition or a table lookup method can be used.

5. Simulation Results
In the following simulation, we used MCS shown
in Table 1. First, packet-error rate of each MCS
option is obtained by computer simulation and is
approximated to the exponential function. It is seen
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Figure 2. PER approximation. Solid lines and dotted lines denote
the original PER and its approximation using (9), respectively.

from Figure 2 that the exponential approximation is
successful.

5.1. PER performance
Since we adjust the transmit power of each MS
to meet the target PER, the average PER performance
should be the same as that in AWGN channel (i.e., nonfading channel). Figure 3 shows the PER performance
for the 8th MCS option when λ = 0.445, where λ
is the maximum Doppler frequency multiplied by the
prediction interval. The 8th option is selected because
this option has the highest data rate and thus is most
sensitive to fading. The required transmit power is
determined by using the long-term and the short-term
CSI’s and the PER obtained by transmitting with the
determined power (the lines with a circle, x, and a
rectangle mark) is almost same to the PER in AWGN
channel (the line with asterisk mark). Thus, it can be
seen that the proposed scheme works as intended.

5.2. Throughput performance
Using the reported CSI, the required transmit
power for each MCS option is calculated. Among the
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MCS options whose required transmit power is available, one with the maximum data rate is chosen. Figs.
4-6 show the throughput performance of the proposed
system for single-user case when λ is 0.022, 0.445, and
1.853, respectively. Here, ’No delay’, ’Fixed power’,
and ’Delay’ denote the case of perfect prediction (i.e.
there is no delay in feedback), the case of fixed power
transmission, and the case of using the D-step outdated
CSI, respectively. For the fixed transmit power case,
the required transmit power for each MCS option to
meet the target PER in the fading channel is precalculated and used. The performance of the proposed
scheme is also shown when the prediction order is
3, 9, and 15. It is seen that the performance of the
proposed system lies between the perfect prediction
case and the fixed power case and is much better than
the system using outdated CSI. When the mobility of
the MS is low, the performance is near the ’No delay’
case. As the mobility increases, the performance of the
proposed system approaches the ’Fixed power’ case.
Also the performance is improved as the prediction
order is increased.
In multiuser environment, each user has different
channel state. As is seen above, the short-term CSI
becomes useless as the λ increases. Thus, some users
may need only average SNR as the long-term CSI
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Figure 6. Throughput Performance. When λ = 1.853.

rather than the short-term and the long-term CSI’s
together. To efficiently adopt it, another feedback information which indicates the state of an MS can
be introduced in terms of the normalized prediction
error variance ν = σ²2 /σα2 , where σα2 = E{|αi,j |2 }.
Since this information classifies the state into just
two states (i.e. good state when ν ≤ νth and bad
state when ν > νth for some threshold νth ), only
one bit is required. Furthermore, the report period
of this information is even longer than that of the
long-term CSI. According to this information, a BS
allocates feedback channel to each MS. Both the short-

Figure 7. The proposed adaptive transmission scheme in multiuser
environments.

term and the long-term CSI feedback channels are
allocated to MS’s in the good state and only the longterm CSI channel, through which an average SNR is
fedback, is allocated to MS’s in the bad state. Figure
7 shows the proposed adaptive transmission scheme
in multiuser environments. Since the report period of
the long-term CSI is much longer than that of the
short-term CSI, feedback overhead of reporting the
long-term CSI only is negligible compared to that
of reporting the long-term and the short-term CSI’s
together. Thus, if 30 percent of users are in bad channel
state, about 30 percent of feedback overhead would
be reduced without performance degradation. On the
other hand, the ’Delay’ case required high feedback
overhead while the performance is very lower than the
proposed scheme.

6. Conclusion
In this paper, we proposed an adaptive modulation
and coding (AMC) scheme for MIMO systems on flat
Rayleigh fading channels. The proposed method adaptively allocates required transmit power based on the
long-term and the short-term CSI’s. With the proposed
system, the throughput performance lies between the
’No delay’ case and the ’Fixed power’ case. As the prediction order decreases and/or the mobility increases,
the performance approaches that of the ’Fixed power’
case. Thus, a new scheme that manages the channel
state of each MS in terms of the normalized prediction
error variance is proposed. Using the proposed scheme,
feedback rate could be reduced while preserving the
throughput performance. A detailed evaluation of the
performance in multiuser environment would be performed. Also the extension of the proposed system
to multiuser OFDMA cellular environment would be
fruitful and is under investigation.
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