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ABSTRACT
A link adaptation (LA) scheme for the downlink of mobile hotspot, which is supported by an IEEE 802.16e or mobile
WiMAX network, is proposed. The mobile WiMAX uses orthogonal frequency division multiple access (OFDMA) in its
physical layer. The main function of the LA scheme is to select an appropriate burst proﬁle, which includes a multiple
input multiple output (MIMO) transmission mode, modulation technique, and coding scheme. We formulate a discrete
optimization problem for the LA scheme by maximizing the throughput. An algorithm to implement the LA scheme is also
proposed. Numerical results show that the proposed LA scheme exhibits good performance. Copyright © 2011 John Wiley
& Sons, Ltd.
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1. INTRODUCTION
The term mobile hotspot refers to a hotspot, e.g., a
wireless local area network (WLAN), located in a moving
platform such as a vehicle. It provides Internet access to
its terminals. There is no uniﬁed system architecture for
supporting mobile hotspots over wireless networks [1--4].
In this paper, we adopt the wireless wide area network
(WWAN)--WLAN-based system architecture described in
[4--6]. In this system architecture, there are two network
segments: upward and downward. The upward network
segment is a WWAN and the downward network segment
is a WLAN within a high velocity vehicle. The vehicle
can be a bus or train. Larger area coverage is required
to reduce handoff rate. We choose mobile WiMAX for
WWAN because of its extended mobility support and larger
area coverage [7]. Moreover, the physical dimensions of
WiMAX base station (BS) and mobile hotspot are suitable
for a multiple input multiple output (MIMO)-based antenna
system, which is capable of providing larger antenna element separation. The system architecture is shown in
Figure 1.
The WiMAX BS is an entity of cellular WiMAX network. The BS is connected to Internet through a wireline
or an optical ﬁber link. The access point (AP) is mounted
within the mobile hotspot. The AP communicates with
the BS through the roof top antenna system. It acts as a
Copyright © 2011 John Wiley & Sons, Ltd.

mobile router or gateway for the downward network, i.e.,
the WLAN within the mobile hotspot. The AP is just an
interface between two types of networks. It has two separate
antenna systems to communicate with each type of network
segment. All the mobile nodes (MNs) within the vehicle are connected with the AP through the IEEE 802.11n
based WLAN. These MNs can be laptops or other handheld devices, which are carried by the passengers. In this
paper, our focus is restricted to the WiMAX-based network
segment. More speciﬁcally, we are interested in the downlink portion between the WiMAX BS and the AP of mobile
hotspot.
The link adaptation (LA) scheme selects a burst proﬁle
based on channel state information. As the mobile hotspots
move with high velocity, the channel state changes rapidly.
The burst proﬁles must be adaptive with the channel state to
gain expected level of performance. In the literature, there
are some proposed LA techniques for mobile WiMAX [8-10]. We mention three such techniques because they deal
with similar problems as ours. A static threshold table based
LA is proposed in [8], which is the simplest technique.
The table is prepared based on a pedestrian channel model
and a target forward error correcting (FEC) block error rate
(FBER), and indicates the threshold signal-to-noise ratios
(SNRs) for the different burst proﬁles. This LA technique
requires only the SNR information to select an appropriate burst proﬁle, while important issues, such as higher
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scheme is presented in Section 4. Numerical results are presented in Section 5, and concluding remarks are given in
Section 6.

2. SYSTEM MODEL

Figure 1. System architecture for mobile hotspot.

mobility, MIMO channel correlations, error tracking, etc.,
are ignored. A Moore’s ﬁnite state based LA technique is
proposed in [9]. Each burst proﬁle represents a state. Basically, two separate LA techniques are proposed: a channel
state technique and an error technique. In the channel state
technique, an attenuation factor is used to select the burst
proﬁle. This approach is theoretical rather than practical.
In the error technique, a number of successive erroneous
frames is used to select the burst proﬁle. It selects a lower
order modulation if a certain number of failures occur, and
selects a higher order modulation if a certain number of successful deliveries occur. The MIMO features and channel
coding are ignored in both techniques. Moreover, the system becomes complicated as the number of states increases.
A dynamic threshold LA (DTLA) algorithm is proposed in
[10]. It dynamically sets and updates the SNR thresholds
for different burst proﬁles. It selects an appropriate burst
proﬁle based on the SNR threshold and a Demmel condition number [11]. No error tracking mechanism, such as
automatic-repeat-request (ARQ), is considered in DTLA.
The DTLA algorithm is not high mobility speciﬁc and
consists of many feedback loops. It also ignores the subchannelization and the power allocation issues.
Our proposed LA algorithm uses a static threshold table
of SNR per symbol, with the SNR dynamically adjusted
before performing table lookup. This adjustment is done
based on mobility state. Our algorithm also considers
MIMO channel correlation and an adaptive ARQ mechanism for error tracking. The major contributions in this
paper are four-fold: (1) proposal of an LA algorithm; which
is dedicated to high velocity vehicles; (2) incorporation
of a medium access control (MAC) layer error control
mechanism into our LA algorithm; (3) introduction of a
velocity-based SNR adjustment; and (4) introduction of a
MIMO mode switching parameter. The proposed LA algorithm requires only two types of information: information
on channel response and ACK/NACK message status of
each frame. As per IEEE 802.16e standard, it is mandatory for the mobile WiMAX BS to record and update these
information on a frame-by-frame basis. Therefore, there is
no additional load on the network.
The remainder of the paper is organized as follows. The
system model is described in Section 2. The problem under
consideration is formulated in Section 3. The proposed LA

We consider a single cell, single user (only one mobile
hotspot) scenario. The BS is located at the center of the
cell. An omni-directional antenna system is mounted on
top of the BS. Unlike the traditional mobile systems, such
as GSM and CDMA, the BS of mobile WiMAX is capable
of processing complicated tasks. The entire mobile hotspot
itself is the mobile station (MS). The APs are much more
powerful compared to an ordinary MS within the WLAN.
Moreover, the physical dimensions of the APs are suitable
for the MIMO-based antenna systems, which can improve
data rate and reliability. A MIMO system can be operated either in a space--time block code (STBC) mode or
in a spatial multiplexing (SM) mode. The STBC mode
improves transmission reliability by using diversity. On the
other hand, the SM mode improves transmission data rate
by using multiplexing. In our system, we consider a 2 × 2
MIMO system which can switch between these two modes
based on channel condition. This type of MIMO system was
ﬁrst proposed in [12]. Any vehicle has a velometer to measure its velocity; our mobile hotspot is also equipped with a
velometer to measure its velocity accurately. This is another
good feature of the mobile hotspots, whereas the ordinary
MS or MN could not measure its velocity. This information
has a very important use in our SNR estimation.
We model the downlink scenario between the BS and
an AP of a mobile hotspot as shown in Figure 2. The
mobile WiMAX uses a combination of MIMO and orthogonal frequency division multiple access (OFDMA); we will
use the term MIMO-OFDMA to describe our system. A
MIMO-OFDMA transmitter is located at the BS and a
MIMO-OFDMA receiver is located at the AP. The signals are transmitted through a multipath fading channel,
assumed to exhibit ﬂat Rayleigh fading with additive white
Gaussian noise (AWGN). There exists an Nt × Nr MIMO

Figure 2. Downlink system model.
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antenna array between the transmitter and the receiver,
where Nt and Nr are the numbers of antenna elements at the
transmitter and the receiver, respectively. At the receiver, the
information bits are extracted from the data subchannels†
and fed to the buffer. The pilot subcarriers are fed to the
channel estimation block. This block estimates the channel responses for each subcarrier and records the current
velocity of the vehicle (mobile hotspot) from the velometer. The channel estimator then sends this information to
the BS by using the uplink subframe. A power allocation block works at the BS to allocate power among the
subcarriers. The power allocator also computes the estimated post-detection SNR for each subcarrier. The LA
block selects the appropriate burst proﬁles for each subchannel. It gets the SNR values from the power allocation block
and collects information on the ARQ blocks of the previous
downlink subframe and current velocity. If an ARQ block in
the previous downlink subframe is not acknowledged by the
subsequent uplink subframe or negatively acknowledged
(NACK), then retransmissions are performed up to a certain limit. ARQ is a part of the MAC layer, although this is
not explicitly shown on the ﬁgure. Our main interest is in the
LA block, where our algorithm will work. The transmitter
gets the information on burst proﬁle from the LA block.
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are useful to select burst proﬁle for the next downlink subframe. Another important factor is the velocity; it is evident
that the velocity of vehicles (mobile hotspot in our case)
has a signiﬁcant impact on system throughput and packet
error rate. We consider the impact of velocity in our SNR
estimation procedures in the next section. Our LA problem can be formulated as a discrete optimization problem.
We solve the same problem separately for each subchannel.
This is due to the fact that different subchannel has different
effective SNR. Roughly, the effective SNR of a subchannel is the geometric mean of its member subcarriers’ SNR.
We formulate our LA problem to ensure efﬁcient spectrum
usage with a satisfactory level of FBER. The dimension of
one FEC block is one subchannel by two OFDMA symbol duration. A burst proﬁle for each subchannel is selected
for each downlink subframe. The generalized form of our
optimization problem is as follows:
maximize

(1)

subject to qi,k (x) ≤ Q ∀i
and pi (ηi , ρ) > 0

(2)

∀i

(3)

i∈{1, 2, 3. . ., U}

3. PROBLEM FORMULATION
We use the term ‘burst proﬁle’ to describe the combination of modulation and coding, and MIMO transmission.
Note that inter-subchannel power allocation is not considered as part of the LA; we leave it as a component of resource
allocation (RA). However, we will discuss intra-subchannel
power allocation in the next section. Our LA algorithm uses
some necessary information: effective SNR per subchannel
at the receiver end, FBER requirement, and ACK/NACK
messages of ARQ blocks of the previous downlink subframe. Our criterion for the derivation of the LA algorithm
is throughput maximization. The burst proﬁle with higher
spectral efﬁciency is deployed to achieve higher throughput. The corresponding burst proﬁle must meet the system
bit error rate (BER) requirement. We set this BER to correspond to a prescribed FBER. Ultimately, BER and FBER are
both functions of SNR. The BS gets the channel response
information from the AP. Most LA techniques deﬁne an
SNR threshold level for each burst proﬁle and compare
the current SNR with the SNR threshold to make a decision about the switching of burst proﬁle. Unfortunately,
exact SNR information is not available due to imperfection in estimation techniques and time varying nature of
the wireless channel. Therefore, error tracking is required
to make a proper selection of burst proﬁle. We use NACK
messages of the previous downlink subframe ARQ blocks
as the warning signals in our LA algorithm. These signals

Ri,k (x)

whereRi,k (x) is the throughput for burst proﬁle i, subchannel
k, and effective SNR x. i is the burst proﬁle index, and U is
the number of possible burst proﬁles in our system. qi,k (x)
is the FBER for burst proﬁle i, subchannel k, and effective SNR x. Q is the maximum tolerable FBER. pi (ηi , ρ)
is the priority function for burst proﬁle i. We set three preconditions for subchannel k: (1) it is allocated to the mobile
hotspot; (2) some power is allocated to subchannel k; and (3)
subchannel k does not carry information for more than one
ARQ block for the same mobile hotspot (in the same downlink subframe). We also assume that the allocated power
is sufﬁcient to meet the SNR requirement of at least one
burst proﬁle. The priority function, a function of the spectral efﬁciency ηi and erroneous reception indicator ρ, is
an additional constraint introduced to adapt the erroneous
reception of the corresponding ARQ block in the previous
downlink (DL) subframe. It is a measure of the performance
of the previous DL subframe transmission. Higher values
of this function indicate higher priorities and vice versa. It
takes zero in case of inappropriate burst proﬁles. We deﬁne
the priority function as:


pi (ηi , ρ) = ηi I{qi,k (x)≤Q} I{i= argmax ηj I{qj,k (x)≤Q} } I{ρ=0}
j



+ I{i=argmax ηj I{qj,k (x)≤Q} } I{ρ≥0}
j

† In OFDMA PHY of WiMAX, a subchannel is the minimum allocation

unit in the frequency domain. It consists of a number of subcarriers [13].
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U

i

I{qi,k (x)≤Q} ≥ 2

(4)
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U


I{qi,k (x)≤Q} = 1

(5)

i

where ηi is the spectral efﬁciency of burst proﬁle i; I{} is the
indicator function which takes the value 1 or 0 depending
on satisfaction of condition; ρ takes the value 0 if the corresponding ARQ block in the previous downlink subframe
was successfully received and 1 for erroneous reception;
i, j∈{1, 2, 3..., U} are the indices for the burst proﬁles.
The main reason behind introducing this function is that:
if the corresponding ARQ block in the previous DL subframe is erroneously received, we may select the burst
proﬁle with the second highest spectral efﬁciency instead of
the highest spectral efﬁciency. It will ensure more reliable
transmission at the cost of spectral efﬁciency.
If the size of a FEC block is Lb bits and Pb is the BER,
then the upper bound of FBER is given by:
q ≤ 1−(1−Pb )Lb

(6)

Equation (6) is true with equality when all bits are equally
likely to be in error [14].
The spectral efﬁciency of a burst proﬁle with an M-ary
modulation scheme, coding rate r, and spatial code rate µ
is given by
η = µrlog2 M

(7)

The normalized throughput for M-ary modulation with
code rate r and spectral efﬁciency η can be written as
R = (1−q)η bps/Hz

(8)

4. PROPOSED LA SCHEME
As our proposed LA algorithm is static threshold based,
we construct the SNR threshold tables. These tables will
indicate the minimum SNRs required corresponding to the
burst proﬁles. The SNR thresholds are selected based on
modulation order, coding scheme, and MIMO transmission mode. Higher order modulation demands higher SNR
threshold and vice versa. We consider QPSK ½, QPSK ¾,
16-QAM ½, 16-QAM ¾, 64-QAM 2/3, and 64-QAM ¾ for
the STBC mode, and 16-QAM ½, 16-QAM ¾, 64-QAM
2/3, and 64-QAM ¾ for the SM mode.

4.1. Channel estimation
We consider pilot-based frequency domain channel estimation for our system [15--17]. At ﬁrst, the channel response
of each pilot subcarrier will be estimated by using a least
square (LS) estimator. Then the channel response of the data
subcarriers will be estimated by applying linear interpolation and linear extrapolation. We have selected this method
because it reduces computational complexity. Moreover, an

LS estimator requires comparatively less amount of prior
knowledge. Power level and modulation technique used
for the pilot subcarriers are known to the receiver. Our
system is a 2 × 2 MIMO OFDMA system and capable of
switching between STBC and SM transmission modes. We
consider an independent pilot pattern (IPP) approach for
MIMO channel estimation [16]. In IPP, two antennas do
not transmit the same pilot subcarriers simultaneously.
In case of any pilot subcarrier p of the mth OFDMA
symbol, the received signal in the frequency domain can be
written as
Yp,m = Hp,m Xp,m + Wp,m

(9)

where Xp,m is known to the receiver. Wp,m is the unexpected noise or interference. The objective function of a LS
estimator is



2

min Yp,m −Ĥp,m Xp,m 

from which we get the estimated channel response for the
pilot subcarrier:
Ĥp,m =

Yp,m
= Hp,m + Ep,m
Xp,m

(10)



where Ep,m = Wp,m Xp,m is an error term due to channel
noise and imperfection inherent in the LS estimator.
Channel responses for the data subcarriers can be estimated by using linear interpolation or linear extrapolation.
The estimated channel response for any data subcarrier n (n
is the physical index) at the mth OFDMA symbol is given
by
Ĥn,m = ĤpA ,m +

ĤpB ,m −ĤpA ,m
(n−pA )
pB −pA

(11)

where pA andpB are the pilot subcarrier physical indices and
pB > pA . Also n, pA and pB are members of the same cluster. Equation (11) performs linear interpolation wherepA <
n < pB . It performs linear extrapolation when n < pA or
n > pB .
We can apply the same technique for all the subcarriers
and for all the OFDMA symbols. In case of odd OFDMA
symbols, h11 (n)and h12 (n)can be estimated. In case of even
OFDMA symbols, h21 (n)and h22 (n)can be estimated. Then,
the average time can be calculated for the entire downlink
subframe.
h(n) =

M−1
2 
Ĥn,m
M

for odd symbols,

m=1

h(n) = h11 (n) or h12 (n)
M
2 
h(n) =
Ĥn,m
M

(12)

for even symbols,

m=2

h(n) = h21 (n) or h22 (n)

(13)
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H(n) =
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h12 (n)
h22 (n)

h11 (n)
h21 (n)


(14)

where M is the total number of downlink symbols, which
is always an even number. Hence, the estimated channel
matrix H for each subcarrier is sent to the BS via uplink.
The estimated average channel gain (spatial average) of a
subcarrier n can be deﬁned as


H̃(n) =

2
2
1 
hij (n)
4
i=1 j=1

2

1
= H(n)F
2

that
sk (1) H̃k (1)

2

=

σ2

=

sk (2) H̃k (2)
σ2
sk (3) H̃k (3)

Nk


(15)

σ2

2

(16)

σ2

The estimated effective SNR of the kth subchannel is
given by
Nk

log2 (1+k (n))

−1

n=1

(19)

k
Nk
n=1

Estimated channel gains are used to estimate SNR. In
OFDMA, we may separate the weak subchannels from the
strong ones, but we do not have that option at the subcarrier level. SNR is highly dependent on power allocation
strategy. We leave inter-subchannel power allocation as a
component of RA. Here we describe an intra-subchannel
power allocation strategy.
Let H̃k (n) be the estimated average channel gain of the
nth subcarrier of the kth subchannel, and sk (n) be the allocated power to that subcarrier. Then the estimated SNR at
the receiver end is given by

k,E = 2

(18)

From Equations (18) and (19), we have

4.2. SNR estimation

1
Nk

= ... = k (n)

sk (n) = k

k (n) =

sk (n) H̃k (n)

2

n=1

where  H(n)F is the Frobenius norm of the channel
matrix.

k (n) =

2

(17)

whereNk is the total number of data subcarriers in the kth
subchannel and n∈{1, 2, · · · , Nk }. In our power allocation
strategy, we aim for each subcarrier within a subchannel to
experience the same SNR. Let k be the allocated power to
the kth subchannel, excluding the power of the pilot subcarriers. According to our power allocation strategy, k is
distributed among the member subcarriers in such a way

1

k,E = 2 Nk

Nk log2 (1+k (n))

(20)

σ2
|H̃k (n)|2

−1 = k (n),

∀n

(21)

Therefore, the effective SNR of the subchannel is equal
to the estimated SNR of an individual data subcarrier.
4.3. Threshold tables
We set the SNR thresholds based on the FBER upper bound,
which provides better safety margin and lower computational cost. We consider maximal ratio combining (MRC)
reception with Alamouti code for the STBC mode [18], and
zero forcing (ZF) detection for the SM mode. In threshold,
selection does not include SNR gain from a convolutional
code (CC) scheme. We select the SNR threshold values for
q ≤ 10−3 . Two tables are prepared to specify the minimum
SNRs per symbol required to maintain q ≤ 10−3 . The threshold values for the STBC mode are summarized in Table I.
The threshold value selection for the SM mode requires
additional information on spatial correlation. We introduce
a multiplying factorψ as an indicator for spatial correlation
(see Appendix I).
ψ(n) =

|(n)|2
H(n)F 4

(22)

where (n) is the determinant of the channel matrix of
any subcarrier n, and H(n)F is the Frobenius norm of

Table I. SNR threshold table for STBC mode (q ≤ 10−3 ).
Modulation
QPSK
QPSK
16 QAM
16 QAM
64 QAM
64 QAM

CC coding rate

Bit/sym.

Spectral efﬁciency (bps/Hz)

SNR thres. (dB)

½

2
2
4
4
6
6

1
1.5
2
3
4
4.5

12.5
14
23
25
31
32.5

¾

½
¾
2/3
¾
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Table II. SNR Threshold table for SM mode (q ≤ 10−3 and
Modulation
16 QAM
16 QAM
64 QAM
64 QAM

≥ 0.1).

CC coding rate

Bit/sym.

Spectral efﬁciency (bps/Hz)

SNR thres. (dB)

½

4
4
6
6

4
6
8
9

30
31
38
39

¾
2/3
¾

the channel matrix. A higher value of ψ indicates lower
spatial correlation and vice versa. Higher value of ψ is more
suitable for the SM mode. We set a lower bound for ψ
to select the SNR values for the SM mode. The threshold
values for the SM mode are summarized in Table II.

4.4. Throughput maximization
In the previous section, we addressed a throughput maximization problem. In the next subsection, we propose an
LA algorithm for that problem. Without using the traditional nonlinear optimization techniques, we can solve it
heuristically. The main idea is that ‘if we select the burst
proﬁle with the highest spectral efﬁciency at a given condition, then the throughput will be maximized’. In an ideal
case, the channel estimation is perfect; MIMO channels are
totally uncorrelated and there is no erroneous reception, etc.
In order to adapt with the realistic scenario, we introduce a
‘priority function’ as the constraint in the problem formulation. The NACK message or erroneous reception occurs
when the SNR is over estimated. The priority function
affects the burst proﬁle selection and works as a protection
against successive erroneous reception. With the priority
function, the solution automatically contains an adaptive
ARQ mechanism.

4.5. Proposed LA algorithm
Before describing our LA algorithm steps, we reiterate some
conditions: subchannel allocation and inter-subchannel
power allocation are done by the RA algorithm. Our algorithm starts when a subchannel is allocated to a mobile
hotspot and the power for that subchannel is also allocated.
We assume that frame by frame channel estimation is available. Here, we describe how an appropriate burst proﬁle is
selected for a subchannel. Our goal is to perform frame by
frame LA for the downlink.
Let γk [u] denote the adjusted SNR of the kth subchannel for the uth downlink subframe, γk [u−1] denote the
adjusted SNR of the kth subchannel for the (u−1)th downlink subframe, α denote the adjustment factor, k,E [u]
denote the estimated effective SNR of the kth subchannel
for the uth downlink subframe, k [u] denote the allocated
power to the kth subchannel for the uth downlink subframe,
k [u−1] denote the allocated power to the kth subchannel for the (u−1)th downlink subframe, k [u] denote the
MIMO threshold function of the kth subchannel for the uth

downlink subframe, ρ denote the ARQ message indicator,
ψk,GM [u] denote the geometric mean of the estimated multiplying factors of the kth subchannel for the uth downlink
subframe, USM denote the set of the candidate burst proﬁles
for the SM mode, USTBC denote the set of the candidate proﬁles for the STBC mode, i denote the burst proﬁle index,
pi denote the priority function of the burst proﬁle i, and ηi
denote the spectral efﬁciency of the burst proﬁle i.
The AL algorithm is comprised of the following four
steps.
Step 1. SNR adjustment
An OFDMA frame starts with a downlink subframe
and ends with an uplink subframe. A time gap interval
takes place between them. The downlink burst proﬁles are
selected based on the feedback information from the previous uplink. We adjust the estimated SNR due to high
mobility, and deﬁne an adjusted SNR of the kth subchannel
for the uth downlink subframe as
γk [u] = (1−α)k,E [u] + α

γk [u−1]k [u]
, α∈[0, 1]
k [u−1]
(23)



where adjustment factor α = vcurrent vmax , vcurrent is the current velocity of the mobile hotspot, and vmax is the maximum
velocity of the mobile hotspot (see Appendix II).
We know that SNR depends on the allocated power. The
allocated power may not be the same for every downlink
subframe. Therefore, we need to extract the channel factor from γk [u−1] and then calculate an equivalent SNR
for k[u]. That is why γk [u−1] is multiplied by the ratio
k [u] k [u−1] in the second term of Equation (23).
Step 2. MIMO mode selection
We know that the STBC mode performs better in the
lower SNR region and the SM mode performs better in the
higher SNR region. But SNR information is not enough for
the SM mode, it requires an additional information on ψ.
Therefore, we consider both of them in our mode selection
procedure. The geometric mean of the estimated multiplying factors (ψ) of the kth subchannel for the uth downlink
subframe is given by

ψk,GM [u] =

Nk


 N1

k

ψk (n)

(24)

n=1

We need to deﬁne a function in order to specify SNR
information of a particular subchannel for a particular downlink subframe. We call it the MIMO threshold
Wirel. Commun. Mob. Comput. (2011) © 2011 John Wiley & Sons, Ltd.
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function. The MIMO threshold function of the kth subchannel for the uth downlink subframe is deﬁned as
k [u]

= I{ρ=0} I{γk [u]≥30dB} +I{ρ=1} I{γk [u]≥31dB}

(25)

I{} is the indicator function which takes either 1 or 0
depending on satisfaction of condition. ρ takes the value 0
if the corresponding ARQ block in the previous downlink
subframe was successfully received and 1 for erroneous
reception.
The MIMO threshold function prevents the formation of
feedback loop, i.e., we do not need to change the MIMO
mode once we select it for a particular downlink subframe.
k [u] speciﬁes two thresholds for the SM mode depending
on the ARQ message indicator: 30 dB for ρ = 0 and 31 dB
for ρ = 1.
In a simple manner, if k [u] = 1 and ψk,GM [u] ≥ 0.1,
then select the SM mode. Otherwise select the STBC mode.
In the SM mode, the possible burst proﬁle i is chosen as
i∈USM . In the STBC mode, the possible burst proﬁle i is
chosen as i∈USTBC .
Step 3. Priority calculation
The priorities of the burst proﬁle can be calculated by
using a modiﬁed version of Equations (4) and (5). Here,
we use the corresponding SNR threshold instead of FBER.
Higher value of the priority function indicates higher spectral efﬁciency and vice versa.


pi (ηi , ρ) = ηi I{γk [u])≥θi } I{i= arg max ηj I{γk [u]≥θj } } I{ρ=0}
j



+ I{i=arg max ηj I{γk [u]≥θj } } I{ρ≥0}
j

for

U


I{γk [u])≥θi } ≥ 2

(26)

i

= ηi I{γk [u])≥θi } for

U


I{γk [u])≥θi } = 1

(27)

i

where θi is the SNR threshold of the burst proﬁle i
Step 4. Burst proﬁle selection
The ﬁnal step is to select the burst proﬁle with the highest
priority.
i∗ = arg max pi (ηi , ρ)

(28)

i

As the priority function assigns higher priorities to the
higher spectral efﬁciency burst proﬁles, the burst proﬁle i
will maximize throughput. We repeat the same routine for
each subchannel to ﬁnd the best burst proﬁle.

5. NUMERICAL RESULTS
In this section, we present some numerical results on the
proposed LA algorithm, which are obtained from downlink
Wirel. Commun. Mob. Comput. (2011) © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/wcm

link level simulations using partial Monte Carlo method in
MATLAB. In the partial Monte Carlo method, all the processes in a system are not simulated as random processes;
some of them are simulated based on statistical models. In
this paper, statistical models are used for path loss and noise.
We consider some simple scenarios, which are appropriate
for evaluating performance of the proposed LA algorithm.
We consider a single cell single user (only one mobile
hotspot) case. The downlink between a WiMAX BS and
the AP of a mobile hotspot is simulated. Two performance
metrics are evaluated: FBER and normalized throughput.
We deﬁne an ARQ block which consists of one subchannel and two time slots. We choose two non-adjacent physical
clusters to construct the subchannel. The simulation parameters are summarized in Table III. The miscellaneous losses
include the AP noise ﬁgure and any other possible losses.
Though the ARQ block is a small part of the whole downlink subframe, we use the term frame to indicate the ARQ
block for convenience. Two major categories of investigations are presented: impact of moving direction and impact
of velocity-based SNR adjustment.

5.1. Impact of moving direction
We consider two cases of moving direction: (1) a mobile
hotspot arriving to the cell center (we call it the arriving
mobile hotspot), and (2) a mobile hotspot departing from
the cell center (we call it the departing mobile hotspot). In
both cases the velocity is set to 90 km/h, and the allocated
power is set to 0.5 W (27 dBm). The initial distance for the
arriving mobile hotspot is 900 m from the BS. The initial
distance for the departing mobile hotspot is 150 m from the
BS. Numerical results are obtained for 30 s duration (6000
frames).
Figure 3(a) shows the instantaneous FBER plots for the
arriving mobile hotspot. It can be seen that the proposed LA
algorithm is able to keep the ‘instantaneous FBER’ ≤10−3
most of the time. Figure 3(b) shows the instantaneous normalized throughput plots for the arriving mobile hotspot. It
can be seen that the throughput is dominated by the path
loss. The throughput increases as the mobile hotspot gets
closer to the BS. The path loss decreases with time for the
arriving mobile hotspot.
Let us consider the departing mobile hotspot. Figure
4(a) shows the instantaneous FBER plots for the departing
mobile hotspot. It reveals that the proposed LA algorithm
is able to keep the ‘instantaneous FBER’ ≤10−3 most of
the time. Figure 4(b) shows the instantaneous normalized
throughput plots for the departing mobile hotspot. It reveals
that the throughput is dominated by the path loss. We see
that throughput decreases as the mobile hotspot gets further
away from the BS. The path loss increases with time for
the departing mobile hotspot. Roughly, Figure 4(b) shows a
reverse scenario of Figure 3(b) because of opposite moving
directions.

Link adaptation scheme

M. M. Hasan, J. W. Mark and X. Shen

Table III. Simulation parameters.
Parameter

Description/value

Cell radius
Allocated power to the subchannel
BS Antenna gain
BS Antenna height
Frequency band
FFT size
System bandwidth
Symbol duration
Guard ratio
Thermal noise density
Mobile hotspot velocity
Subchannelization strategy
Duplex mode
Channel model
AP antenna height
Shadowing loss
Path loss model
Miscellaneous losses
AP Antenna gain
Fading type
Frame duration
DL to UL ratio
MIMO Antenna conﬁguration
BS and AP Antenna pattern
MIMO mode
Burst size (one ARQ block)
Maximum number of retransmissions
vmax settings

1 km
0.5 W, 1.0 W
16 dBi
40 m
2.3 GHz
1024
10 MHz
115.2 s
1/8
−174 dBm/Hz (at 25◦ C)
60 km/h, 90 km/h, 120 km/h
PUSC
TDD
ITU-R Vehicular B
2.8 m
10 dB
COST 231 Hata model for suburban environment (min. separation required 35 m)
12 dB
10 dB
Flat Rayleigh fading
5 ms
3:1
2×2
Omni-directional
STBC, SM (switchable)
1 subchannel × 4 symbols
3
360 km/h

5.2. Impact of velocity-based SNR
adjustment

the impact of velocity-based SNR adjustment. We separately consider three different cases of velocity: 60, 90, and
120 km/h. These mobile hotspots are the departing mobile
hotspots. From the discussion in the previous subsection, we
know that the throughput of the departing mobile hotspots

As the proposed LA algorithm adjusts SNR based on velocity of the mobile hotspots, it is necessary to investigate
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Figure 3. (a) Instantaneous FBER plots for the arriving mobile hotspot. (b) Instantaneous normalized throughput plots for the arriving
mobile hotspot.
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Figure 4. (a) Instantaneous FBER plots for the departing mobile hotspot. (b). Instantaneous normalized throughput plots for the
departing mobile hotspot.

decreases with time. The initial distance is set at 200 m from
the BS. The ﬁnal location is situated near the cell edge in all
cases. The allocated power is set to 1.0 W (30 dBm) in each
case. We compare the performance of the SNR adjusted
LA with that of the SNR non-adjusted LA (just omitting
the ﬁrst step of the proposed LA algorithm). We compare
the average performance within a 2-second interval.
Firstly, we consider a mobile hotspot with velocity
60 km/h. Numerical results are obtained for 25 s duration
(5000 frames). Figure 5(a) and (b) shows the comparative throughput and FBER performance, respectively.
We see that velocity-based SNR adjustment performs
better than the non-adjusted SNR in both perspectives.
V = 60 km/hr

(b)
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The velocity-based SNR adjustment improves throughput
and reduces FBER. Overall average of the normalized
throughput is 2.2154 bps/Hz for the velocity-based SNR
adjustment, whereas that for the non-adjusted SNR is
2.2045 bps/Hz. Overall average of the FBER is 0.0107
for the velocity-based SNR adjustment, whereas that for
the non-adjusted SNR is 0.0110. Secondly, we consider a
mobile hotspot with velocity 90 km/h. Numerical results
are obtained for 22 s duration (4400 frames). Figure 6(a)
and (b) shows the comparative throughput and FBER performance, respectively. We see that velocity-based SNR
adjustment performs better than the non-adjusted SNR in
both perspectives.
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Figure 5. (a) Impact of SNR adjustment on the throughput with velocity 60 km/h. (b) Impact of SNR adjustment on the FBER with
velocity 60 km/h.
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Figure 6. (a) Impact of SNR adjustment on the throughput with velocity 90 km/h. (b) Impact of SNR adjustment on the FBER with
velocity 90 km/h.

The velocity-based SNR adjustment improves throughput and reduces FBER. Overall average of the normalized
throughput is 1.9803 bps/Hz for the velocity-based SNR
adjustment, whereas that for the non-adjusted SNR is
1.9636 bps/Hz. Overall average of the FBER is 0.0081
for the velocity-based SNR adjustment, whereas that for
the non-adjusted SNR is 0.0095. Finally, we consider a
mobile hotspot with velocity 120 km/h. Numerical results
are obtained for 20 s duration (4000 frames). Figure 7(a)
and (b) shows the comparative throughput and FBER performance, respectively. We see that velocity-based SNR
adjustment performs better than the non-adjusted SNR in
both of the perspectives. The velocity-based SNR adjustV = 120 km/hr
SNR adjustment (Avg. 1.8225 bps/Hz)
No adjustment (Avg. 1.7929 bps/Hz)

SNR adjustment (Avg. 0.0080)
No adjustment (Avg. 0.0100)
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ment improves throughput and reduces FBER. Overall
average of the normalized throughput is 1.8225 bps/Hz for
the velocity-based SNR adjustment, and the FBER is 0.0080
for the velocity-based SNR adjustment, whereas that for the
non-adjusted SNR is 0.0100.
Now we discuss a common feature among the
Figures 5(b), 6(b), and 7(b). In some intervals FBER
exhibits very low values. This happens due to better accuracy in channel estimation and/or reduced number of over
estimation of SNR.
According to the discussions above, we can conclude
that the velocity-based SNR adjustment improves overall performance. This improvement comes in the form of
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Figure 7. (a) Impact of the SNR adjustment on the throughput with velocity 120 km/h. (b) Impact of SNR adjustment on the FBER with
velocity 120 km/h.
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both increased throughput and reduced FBER. Velocitybased SNR adjustment becomes more effective at higher
velocities.

In the SM mode two symbols are transmitted simultaneously using two different antennas. Allocated power to a
subcarrier is divided by two, SNR for the ﬁrst symbol and
second symbol can be written as

6. CONCLUSIONS

1 =

In this paper, we have proposed a simple LA algorithm for
the WiMAX supported mobile hotspots. The algorithm has
been designed for the downlink part between the WiMAX
BS and mobile hotspot AP. It is an instantaneous SNR-based
LA algorithm. The link level performance of the proposed
algorithm has also been evaluated. Path loss has a dominant effect on throughput, and moving direction is a key
factor that inﬂuences the behavior of throughput versus
time characteristics. In most of the cases, the proposed LA
algorithm is able to keep FBER under a certain value. The
proposed LA algorithm, capable of working under various
types of conditions, is independent of RA. It is adaptive
with velocity, power, direction, channel response, and system performance. Though the proposed LA algorithm is for
the mobile WiMAX network, it can be extended to any other
MIMO-OFDMA networks.

We need to consider both antennas (i.e., all the spatial
channels) in order to set a threshold value. Taking a simple average of the denominators, we obtain an interesting
expression for post-detection SNR for the SM mode with
ZF detection

s ||2
s ||2
and 2 =
2
2
+ |h12 | )
2σ (|h11 |2 + |h21 |2 )

2σ 2 (|h22 |2

SM =



s ||2

σ 2 |h22 | + |h12 | + |h11 | + |h21 |
2

2

2

2

=

σ2

s ||2
HF 2
(31)

The estimated SNR is expressed as
 = s H̃

2





σ 2 = s HF 2 4σ 2

(32)

The post-detection SNR for the SM mode with ZF detection can be written as
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where ψ = ||2 HF 4 is the multiplying factor.

7. APPENDIX I

8. APPENDIX II

7.1. Derivation of multiplying factor ψ

8.1. Selection of adjustment factor α

The multiplying factor relates estimated SNR with postdetection SNR for SM mode. ZF detection requires
computing pseudo inverse of MIMO channel matrix. In case
of a 2 × 2 MIMO conﬁguration, pseudo inverse and inverse
are the same. The inverse of channel matrix is given by

We introduce the parameter α to include the impact of
mobility in SNR estimation. We deﬁne α as the ratio of
current Doppler shift to maximum tolerable Doppler shift:
α=

G(n)

= H(n)−1
h22 (n)
h11 (n)h22 (n) − h12 (n)h21 (n)
−h21 (n)
h11 (n)h22 (n) − h12 (n)h21 (n)

=

=



1 h22 (n) −h12 (n)
 −h21 (n) h11 (n)



−h12 (n)
h11 (n)h22 (n) − h12 (n)h21 (n)
h11 (n)
h11 (n)h22 (n) − h12 (n)h21 (n)



(29)

where = det(H(n)) = h11 (n)h22 (n) − h12 (n)h21 (n). For
convenience, in what follows we drop the subcarrier index.





GG

H

=




1
|h22 |2 + |h12 |2
2 −h h ∗ − h h ∗
11 12
21 22
||

−h11 ∗ h12 − h21 ∗ h22
|h11 |2 + |h21 |2



(30)
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fD,current
vcurrent
=
fD,max
vmax

(34)

where vcurrent and vmax are the current velocity and the maximum velocity of a mobile hotspot, respectively. The BS
can get the exact value of the current velocity from mobile
hotspot.
The upper bound of vmax can be obtained as follows:
maximum Doppler shift < subcarrier spacing,
(This
condition avoids the impact of Doppler’s effect.)
or, vmaxc fc < f
or, vmax < cf
fc

(35)

This upper bound is very loose because signal power
does not conﬁne within the center frequency. We deﬁne a
spreading margin, which is the difference between subcarrier spacing and subcarrier bandwidth (BWSC ). It will help
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us to ignore intercarrier interference (ICI). Spreading margin is the maximum tolerable frequency spreading without
any overlapping between two successive subcarriers. In our
system f = 10.94 kHz andBWSC = 9.76 kHz.
We use spreading margin to ﬁnd the upper bound of vmax
as follows:
vmax <

c
(f − BWSC )
fc

or, vmax < 554 km/h

(36)
(37)

We choose 360 km/h as vmax , and leave some portion
for frequency offset effect. Frequency spread occurs due
to Doppler spread and subcarrier (carrier) frequency offset effect [19]. In reality, the mobile hotspot will never be
operated with velocity vmax . We deﬁne vmax as the velocity,
at which channel estimation does not work at all. In other
words, the channel is totally untraceable at vmax .
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