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MIMO–OFDM WLAN Architectures, Area
Coverage, and Link Adaptation for Urban Hotspots
Yan Q. Bian, Andrew R. Nix, Eustace K. Tameh, and Joseph P. McGeehan

Abstract—This paper considers the suitability of a range of
multi-input–multi-output (MIMO) orthogonal frequency-division
multiplexing architectures for use in urban hotspots. A ray-tracing
propagation model is used to produce realistic MIMO channel
data. This information is used to determine the expected throughput and area coverage for various physical (PHY) layer schemes.
Site-specific throughput predictions are generated in a city-center
environment. Link adaptation (LA) is shown to play a key role in
the choice of space–time algorithm, the use of adaptive modulation
and coding, and the number of antennas employed at both ends of
the radio link. No single PHY layer scheme is suitable to cover
the entire coverage area. Results demonstrate the need for MIMO
LA under a wide range of channel conditions. For the area under
test, 2% of covered locations selected a spatial multiplexing (SM)
scheme, 50% selected a space–time block coding (STBC) scheme,
and 48% selected a hybrid SM/STBC scheme. With suitable power
control and LA, for the scenario under consideration, high peak
capacities and good geographic coverage were achieved.
Index Terms—Link adaptation (LA), orthogonal frequencydivision multiplexing (OFDM), power control, propagation,
space–time block codes (STBCs), spatial multiplexing (SM).

I. I NTRODUCTION

S

PECTRUM predictions for future cellular networks indicate large shortfalls by 2010, if not beforehand [1].
This increasingly crowded spectrum means that new channels
are rarely available and that future demand must be met by
deploying more spectrally efficient wireless technologies. It
is well reported that multi-input–multi-output (MIMO) physical (PHY) layer techniques have the potential to significantly
increase bandwidth efficiency based on the premise that operation occurs in a rich-scattering environment [2]. Coded
orthogonal frequency-division multiplexing (COFDM) is also
a well-established technique for achieving low-cost broadband
wireless connectivity [3]. COFDM has been chosen as the air
interface for a range of new standards [4], [5], including IEEE
802.11 and IEEE 802.16. The ideas of MIMO and OFDM have
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been combined in a number of papers to form a new class of
MIMO–OFDM system [6], [7]. MIMO–OFDM is commonly
used to simplify the extension of MIMO to a wideband channel
(since traditional narrowband analyses can be trivially extended
to support higher data rates). MIMO–OFDM is a promising
candidate for hotspot (802.11n) and urban last-mile (802.16)
applications. Any practical solution must do the following:
1) effectively share the limited spectral resource; 2) provide
reliable quality-of-service (QoS) throughout the coverage area;
3) reduce transmit power levels and terminal power consumption; and 4) minimize the cost of the access point (AP) and
mobile stations (MS).
The radio propagation characteristics in an outdoor environment result in space-selective fading. Spatial correlation
between subchannels in the MIMO channel matrix limits the
level of spectral efficiency that can be achieved in practice.
Performance is a function of parameters such as the K-factor,
the spread in the angles of departure (AoD) and the angles
of arrival (AoA), the antenna-element separations, the delay
spread (DS), and the signal-to-noise ratio (SNR) [8], [9]. The
theoretic MIMO capacity can be predicted by passing the
channel data into the Foschini capacity equation [10], [11]. In
[11], the impact of perfect transmitter power control (TPC) was
considered (i.e., no upper transmit power limit was applied).
In addition to spatial correlation, the achievable peak capacity
for a practical system strongly depends on the PHY layer
configuration. The choice of channel coding scheme, modulation strategy, space–time processing algorithm, and detection
technique all influence the capacity and QoS achieved. Higher
order modulation schemes will increase the link throughput but
require a higher SNR to achieve a low packet error rate (PER).
Space–time block codes (STBCs) provide a strong diversity
gain (which is desirable at a low SNR) but cannot increase
the link throughput without the use of adaptive modulation and
coding (AMC) [9]. Previous work has already considered the
application of adaptive MIMO [12]–[16].
This paper combines channel and link-level simulators to
evaluate the performance of different MIMO–OFDM schemes
in realistic correlated channels. Statistical results are provided
for each scheme in an example outdoor hotspot. Channel modeling is based on ray tracing, where the mobile transitions from
line-of-sight (LoS) to non-line-of-sight (NLoS) are naturally
handled by the algorithms. Design guidelines are provided for
MIMO systems that combine high throughput with good area
coverage in an urban environment.
The paper is organized as follows: Section II introduces
two MIMO H-matrix models, the first being a statistical
parameter-based model, and the second being a ray-tracing
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deterministic (RTD) model. The limitations and assumptions of
the TGn802.11n MIMO channel model [17] are summarized,
and an alternative approach is defined based on the site-specific
output from the RTD model. This approach is shown to have
a number of key advantages for use in coverage and link
adaptation (LA) studies. Section III describes the process of
capacity prediction using the ray-tracing propagation model. In
Section IV, the use of dynamic transmit power control (DTPC)
is presented. Section V describes the space–time methods used
in this paper and explains the role of LA in the context of
MIMO–OFDM. Section VI presents a range of simulation
results, with conclusions given in Section VII.
II. MIMO C HANNEL M ODELING
A. TGn802.11n Channel Model
The TGn802.11n channel models (models A–F) were developed by the IEEE for evaluating multiantenna-element wireless
local area network (WLAN) systems [17]. Models E and F represent large open areas (root mean square (rms) DS of 100 and
150 ns, respectively) and, hence, are the most appropriate for
the hotspots considered in this paper. The models are based on
multipath clusters, and the method follows the MIMO modeling
approach presented in [18] and [19], which utilizes receive and
transmit covariance matrices. The MIMO H-matrix for the lth
tap in the channel impulse response (CIR) is separated into a
fixed LoS matrix HLoS and a Rayleigh NLoS matrix HRayleigh
[20] and can be expressed as
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where NT , NR , K, and Pl represent the number of transmit
and receive antennas, the Ricean K-factor, and the power of
the lth tap, respectively. The channel matrix is normalized such
that Hl 2 = NT NR Pl . The terms ej(ϕ+∆φn,m ) and Xn,m
represent elements of HLoS and HRayleigh , respectively, for
the nth receiving and mth transmitting antenna. For the LoS
ray, ϕ and ∆φn,m , respectively, denote the initial reference
phase (based on a point-source evaluation of the link from Tx
element 1 to Rx element 1) and the relative phase difference
that results between the mth transmit antenna and the nth
receive antenna. If we assume NT transmit antennas and NR
receive antennas configured in the form of a regularly spaced
(horizontally orientated) uniform linear array (ULA), then we
can write
d
∆φn,m = 2π(m − 1) sin(αLoS,tx )
λ
d
+ 2π(n − 1) sin(π − αLoS,rx ) (2)
λ
where λ, d, αLoS,tx , and αLoS,rx represent the wavelength,
the interelement separation distance, the AoD, and the AoA
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of the LoS ray, respectively. The HRayleigh term for a single
narrowband spatially correlated channel uses a “Kronecker”
structure, as described in [17].
Several assumptions are made in the TGn802.11n channel model, which include the following: 1) The K-factor is
only modeled for the first tap, and all remaining taps in the
cluster follow Rayleigh-distributed random variables with a
mean square value that obeys a double exponential decay
law; 2) the mean AoA/AoD values are assigned to each cluster based on uniform random variables in the range [0−2π];
3) the impact of elevation spread is ignored, and thus, antenna
array orientation is restricted to the horizontal plane; 4) the
azimuth power angle spectrum (PAS) is assumed to follow a
Laplacian distribution; 5) the cluster rms DS and rms angle
spread (AS) is modeled using correlated lognormal random
variables; and 6) polarization is addressed by assigning a crosspolar discrimination value of 10 dB for the fixed HLoS matrix
and 3 dB for the variable HRayleigh matrix. It was shown
in [21]–[24] that the “Kronecker” structure does not always
produce channels that agree well with measured capacity.
B. RTD Model
Unlike the parameter-based TGn802.11n model discussed in
Section II-A, the use of ray tracing provides accurate estimates
for parameters such as the PAS at both ends of the link and
the CIR for each antenna link (without the need for specific
assumptions). Previous work has shown that ray tracing can
accurately predict the detailed correlation structure in a MIMO
channel [25]. Within the RTD model, electromagnetic waves
are traced in 3-D space from the transmitter to the receiver,
together with building, edge, corner, and terrain interactions.
It requires geographic data in the form of terrain, building,
foliage, and ground cover type and was previously validated
using measurement data collected in mixed urban and rural
environments [26].
For the RTD model, MIMO H-matrices are fully determined
from the point-source predicted multipath components (MPCs)
linking the AP to each MS location. The model provides
information on the amplitude, phase, time delay, AoA, and AoD
of each MPC. From the resulting ensemble set of components,
and given the array geometries, it is possible to expand this
point-source single-input–single-output (SISO) data to derive
a representative set of MIMO channel data, as shown in Fig. 1.
It should be noted that the model does not take into account
the pattern diversity [27], [28] created by antenna elements in
the near field. The MIMO H-matrices are determined using the
following procedure.
1) Perform point-source ray tracing from the AP to the MS.
2) Apply a random phase to all the point-source MPCs.
3) Generate the H-matrix for each MPC based on the [m, n]
array geometries.
4) Apply time binning to the [m, n]th H-matrix data set
(based on the system bandwidth) to generate the CIR for
the [m, n]th link.
5) Fourier transform each CIR to generate the [m, n]th
frequency response at each of the required OFDM
subcarriers.
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Fig. 1. RTD MIMO channel modeling.

Steps 2–5 are repeated as necessary to achieve a statistically
large set of channels for PHY layer PER averaging (1000
independent channels per point are used in this study). To create
an instantaneous fading channel, in step 2, a random phase
shift is added to each MPC. The ∆θ = [∆θ1 , . . . , ∆θQ ] vector
comprises a set of Q independent and uniformly distributed
random phases in the range [0−2π], where Q represents the
total number of paths traced to a given MS. The MIMO
H-matrix for the qth ray is obtained using


q
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where Pq and ϕq represent the ray power and the point-source
predicted initial phase of the qth traced MPC, respectively. The
∆φqn,m terms are obtained using (2), with αLoS,rx and αLoS,tx
replaced with the AoA and AoD for the qth ray, respectively.
These terms expand the point-source ray analysis and enable
the relative phase of each predicted MPC to be computed for
each of the [m, n] antenna links. To generate an H-matrix
suitable for MIMO–OFDM modeling, a system bandwidth
B is employed based on the IEEE 802.11a/n standard. For
high-throughput studies, a bandwidth of 40 MHz is assumed
(using 128 carriers); however, for standard 802.11a/g studies,
a bandwidth of 20 MHz is used. In step 4, multipaths from
a given antenna link are grouped into time bins Ts = 1/B,
which results in a CIR. The instantaneous H-matrix in the
time domain has dimensions of NR × NT × L, where L is the
number of time taps after binning. The frequency response Hw
is calculated from an Nf -point discrete Fourier transform of the
CIR, where Nf represents the total number of subcarriers in the
OFDM system. The resulting wideband H-matrix comprises
Nf narrowband H-matrices: one for each frequency subcarrier.
The spatial correlation between each MIMO link is determined
by the arrival/departure angles of the predicted MPCs and the
array geometry. The frequency-domain correlation (between
OFDM subbands) is determined by the time-binned CIR. The
channel K-factor is calculated from the CIR. Fig. 2 demonstrates that each MIMO link (Hn,m ) has its own individual
frequency power profile at each instant in time. The figure

Fig. 2.

Instantaneous frequency power profile of 2 × 2 MIMO channels.

shows that ε{|Hn,m |} is flat across frequency for each of the
[n, m] links (note that ε{·} represents the expectation function
and | · | indicates the Frobenius norm). For each MS location,
a set of wideband MIMO channels is generated for use in the
PHY layer simulation. This set of channel data was generated
by repeating steps 2–5, with each iteration using a different set
of random phase shifts ∆θ.
C. Suitability of MIMO Channel Model
While the parameter-based TGn802.11n model is well suited
for the evaluation of MIMO PHY layer candidates, many
of its underlying assumptions make the model questionable
for LA and coverage studies, where transitions between
environment types, K-factors, and AS/DS values are critical.
For example, the inappropriate assumption on the Kronecker
structure has been shown to limit MIMO system evaluation
in realistic indoor environments [21]–[24]. The TGn802.11n
model requires the AP and MS to be located in a similar
surrounding environment. For indoor WLANs, multipath
reflectors tend to be similar at the AP and MS. However,
this is not the case for hotspot applications, where the AP is
mounted much higher than the MS, and unlike the AP, the
MS is commonly surrounded by local scatters. In particular, it
should be noted that the assumption of identical PAS statistics
at the Tx and Rx is not observed in our ray model (since the
MS is often in a different environment type relative to the
AP). Furthermore, analysis of the RTD data shows that there
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estimate of the average received power Pav can be computed
from a power sum of all the arriving MPCs at a given location.
The average SNR is given by the following equation:
SNR (dB) = Pav (dBm ) − KBoltzmann T B (dBm ) − N F (dB)
(4)

Fig. 3.

Scatter plot of AS versus DS at the receiver.

is no simple relationship between the DS and the AS for a
typical urban environment, as shown in Fig. 3. Here, the rms
DS and rms AS are plotted as dB values using 10log10 (rms
DS) and 10log10 (rms AS), respectively. Unlike the 802.11n
model, the RTD model is good for site-specific performance
prediction. The DS/AS dependence in the TGn802.11n model
results in a large AS for models E and F (which have large
DS). This produces favorable correlation statistics (in both
space and frequency) for these model types. To avoid these
problems, a better solution is to directly derive the entries of
the MIMO channel matrix from the steering vector and the
parameters [29], [30] computed through the RTD model. The
power of each MPC is computed by the ray-tracing tool based
on the unfolded path length and the specific reflections and
diffractions present in the path. Using this approach, it is not
necessary to assume or apply a statistical path loss model.
The disparity between the TGn802.11n model and our raytraced data is at its greatest in high K-factor channels. High
spatial and spectral decorrelation produces an overprediction of
the MIMO capacity when the TGn802.11n channel models are
applied to outdoor hotspots. Throughput results are shown in
Section VI (Fig. 7). For LA studies, the accurate modeling of
LoS locations (and the resulting correlations) is vital. This occurs since rank-deficient channels cannot support the high-rate
spatial multiplexing (SM) schemes under test. Moreover, it is
often suggested that cross-polar MIMO schemes can be used in
LoS locations [17]. However, the poor modeling of polarization
and the resulting correlations in the TGn802.11n model make a
detailed study of this approach very difficult to perform.
To overcome the aforementioned limitations, in our LA
study, the channel matrix data (which is fed to the PHY layer
simulator) are directly generated from the predicted spatial
and temporal MPCs, as described in Section II-B. These
components are generated for each AP–MS link using our
site-specific ray-tracing model. Hence, the resulting spatial and
temporal correlations match more closely those seen in practice
[25]. Finally, the use of predicted ray data also allows the
modeling of arbitrary antenna-element geometries, patterns,
and polarizations at the AP and MS.
III. MIMO C HANNEL C APACITY P REDICTION
To predict the theoretic MIMO capacity, among other parameters, it is necessary to compute the average received SNR. An

where KBoltzmann = 1.38 × 10−20 mW · Hz−1 · K−1 , and Pav
is in units of milliwatts. T , B, and N F represent the temperature (in kelvins), the bandwidth (in hertz), and the noise figure
of the receiving unit, respectively.
The channel capacity for a SISO system in additive white
Gaussian noise conditions is given by the well-known Shannon
capacity equation [31]. MIMO channel capacity is commonly
defined by the Foschini capacity equation [10]. In practice,
the MIMO channel links at each location also suffer from fast
fading based on the value of the K-factor. Hence, the ergodic
capacity C̄ of the MIMO fading channel for each location is obtained from the ensemble average of the predicted capacity over
the distribution of the elements in the H-matrix. When applying
OFDM, the data stream is multiplexed into Nf narrowband
subcarriers. If the channel is unknown at the transmitter, the
channel capacity for a MIMO–OFDM system under frequencyselective fading can be mathematically written as




Nf
1 
SNR
C̄ ≈ ε
log2 det INR +
Hw (j)HH
(5)
w (j)
Nf

NT
j=1

where Hw (j) represents the frequency response of the
correlated MIMO H-matrix (NR × NT ) for the jth subcarrier,
and (·)H denotes the Hermitian function. Compared to the case
of an uncorrelated independent identically distributed Rayleigh
fading channel, the theoretic ergodic capacity can be seriously
degraded in high correlation conditions [32]. This can occur
when the channel K-factor is high, the element spacing is low,
or the AS is low. MIMO channel quality is determined by the
K-factor, the AoD/AoA spread, the ray geometry, the antenna
separation, and the SNR.
IV. TPC
In this section, we consider the impact of TPC in an
interference-free hotspot. Power control is performed in terms
of the distance between the transmitter and receiver pair. For
wireless systems employing AMC and MIMO, the strategy of
power control must be carefully considered. Without power
control, very high SNR levels are observed by terminals near
the AP, often far higher than that required for error-free detection. In [11], the normalization of HHH is explored, and
the impact of perfect power control is considered. However,
maintaining a high SNR level at the cell edge requires a high AP
transmit power. Here, we explore modifications to the “perfect
power control” case. However, it should be noted that a detailed
analysis of the power control protocol and the implementation
of any required modifications is beyond the scope of this paper.
Assuming a nominal transmit power level Pnom , DTPC at the
AP can be employed on a per peer-station basis (i.e., using a
unique power level for each mobile terminal) given knowledge
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Fig. 4. Transmit power and SNR versus AP–MS distance. (a) Low Pnom . (b) High Pnom .

of the received SNR per station. Three operating regions can be
defined.
1) Region 1 (high SNR): The AP transmit power Ptx is
reduced in steps until the upper threshold SNRmax is
reached.
2) Region 2 (no power control): The AP uses the nominal transmit power; hence, Ptx |SNRmin <SNR≤SNRmax =
Pnom (see the following discussion for the definition of
the variables).
3) Region 3 (low SNR): Ptx is increased in steps until the
received SNR reaches the minimum threshold SNRmin or
until Ptx reaches its maximum value Ptx = Pmax .
The value of the SNR upper threshold SNRmax should be
set based on the highest required SNR at the terminal (which
will normally depend on the highest throughput mode). We
introduce the idea of a nominal AP transmit power level Pnom .
If, when this power level is used, the received SNR at the
terminal falls between the upper and lower SNR thresholds,
then no power control is applied at the AP (region 2). Instead,
we allow the AP and terminal to utilize LA to find the most
suitable operating mode. Clearly, the value of Pnom will have
a significant impact on the downlink operating range of the
highest throughput modes. Fig. 4 demonstrates this relationship
by plotting the SNR and AP transmit power as a function of
the AP–MS separation distance. Fig. 4(a) shows the case for
a low Pnom level. When the minimum power level is reached
(extreme left-hand side of the graph), the received SNR at the
terminal is shown to rise above the maximum required level,
i.e., SNRmax = a2 . As the mobile moves away from the AP,
the path loss increases, and to maintain the maximum usable
SNR level at the terminal, the AP transmit power rises for this
particular terminal until the Pnom level is reached (region 1).
In Fig. 4, d1 represents the downlink range for the maximum
SNR level. Clearly, a low Pnom level results in a much lower
value of d1 . As the mobile moves beyond d1 (into region 2),
the transmit power is held at the Pnom level until the received
SNR drops to the minimum useable value, i.e., SNRmin = a1 ;

this occurs at distance d2 . Over the range from d1 to d2 , the AP
and mobile terminal link adapt. As the mobile moves further
from the AP, the transmit power is increased (region 3) until
the maximum value is reached. This creates a constant received
SNR level (held at the minimum usable level) up to a separation
distance of d3 . Fig. 4(b) compares the DTPC scheme for a high
value of Pnom . Clearly, using a higher Pnom level increases the
coverage of the highest throughput mode (d1 is clearly greater
in this case). The point at which LA begins is, thus, further from
the AP. It is also noticeable that the region defined by d2 to
d3 is far smaller (which is desirable since only the minimum
performance level can be offered here). A high Pnom clearly
maximizes the throughput offered to the terminals (and is, thus,
well suited to SM), but this comes at the expense of greater
transmit power levels.
V. MIMO–OFDM PHY L AYER D ESCRIPTION
MIMO–OFDM systems offer the potential for a high spectral
efficiency, a substantial diversity gain, and a strong immunity to
intersymbol interference. The received signal at each subcarrier
can be expressed in matrix form as
yj = H(j)xj + Nj

(6)

where xj (NT × 1 vector) and Nj (NR × 1 vector) denote
the transmitted signal and the noise term at the jth subcarrier, respectively. Since T time slots are used to transmit k
symbols, the rate of the space–time code (STC) is defined as
RSTC = k/T . This type of STC scheme can be defined by
an NT × T transmission matrix. To clearly demonstrate the
tradeoff between the SM and STBC approaches, a range of STC
methods is presented, which takes advantage of four transmit
antennas (but with different RSTC ).
A. STBC and Hybrid Scheme
The traditional Alamouti STBC scheme [33] uses two antennas to simultaneously transmit two signals. It has RSTC = 1
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and offers a similar level of diversity to maximal ratio combining. An STBC scheme using four transmit antennas was
proposed by Papadias and Foschini [34]. This pseudo-Alamouti
scheme has RSTC = 1, but it achieves full spatial diversity
since symbols are transmitted over the four antennas. Compared
to the traditional Alamouti, the pseudo-Alamouti scheme has
partial orthogonality between each pair of transmit antennas.
In the case of a 4 × 4 MIMO system, a hybrid structure [35],
[36] can be used that applies two Alamouti codes and gains
some degree of spatial diversity and some degree of SM. The
dual Alamouti scheme only has partial orthogonality, as does
the pseudo-Alamouti scheme. It offers the same diversity gain
as the traditional Alamouti scheme, but it has RSTC = 2 due to
the addition of SM.
B. MIMO LA With AMC
The IEEE 802.11 and IEEE 802.16 standards define a range
of modulation and coding schemes at the PHY layer [4],
[5]. Different MIMO system configurations can be applied
(with different STC and AMC schemes) to achieve a given
link throughput, which can be approximated by Throughput =
D × (1 − PER), where PER represents the packet error rate.
D = ND Nb RFEC RSTC /Ts represents the transmission date
rate, and ND , Nb , RFEC , and Ts denote the number of data
subcarriers, the coded bits per subcarrier, the coding rate, and
the OFDM symbol duration, respectively.
In this paper, we assume static fading per packet, and results
are averaged over a total of 1000 packets, with 1152 bytes
per packet. Forward error correction (FEC) in the form of
convolution coding is used, as defined in the 802.11n standard.
Minimum mean square error (MMSE) decoding [37] was applied for the SM and hybrid schemes since we focus on illustrating the general trends between SM and STBC, rather than
demonstrating the impact of state-of-the-art reception methods.
Far lower required SNR values can be achieved for the SM
schemes by using more complex receive algorithms [38], [39].
To compare and contrast MIMO performance for a range
of quadrature-amplitude modulation (QAM) schemes, Fig. 5
presents the maximum throughput for a range of 20-MHzwide 4 × 4 MIMO–OFDM schemes utilizing SM, STBC, and
the hybrid scheme with binary phase-shift keying, quaternary
phase-shift keying (QPSK), 16QAM, and 64QAM. They all
have a coding rate of 3/4. All results were generated for MS
location rx #59 [see Fig. 7(a)], which has no dominant ray. The
MIMO channels were created by the RTD model, as described
in Section II-B. Results show that the SM schemes need a
high SNR to achieve the same peak throughput, e.g., for a
36-Mb/s peak throughput, SM requires 25 dB, as compared
to only 5 dB for STBC. Throughput can be increased as the
modulation scheme and coding rate are increased, but SM then
requires an even higher SNR, as shown in Table I.
The mode with the highest throughput (assuming PER <
10%) is selected for each receive location by our “ideal” LA
scheme. The selection is described as “ideal” since it relies on
simulating the throughput of each mode at each location. As
such, the optimum mode is always chosen at each location;
however, the algorithm cannot be applied in practice.

Fig. 5. Throughput for 4 × 4 MIMO–OFDM in NLoS Rayleigh channel
(models detailed in Table I). rx #59: rms AS at AP = 94.4◦ ; rms AS at
MS = 34.38◦ ; rms DS = 65.05 ns.
TABLE I
REQUIRED SNR TO ACHIEVE PEAK THROUGHPUT

VI. N UMERICAL R ESULTS
In this section, a set of simulation results that include PER
versus SNR graphs, link throughput versus SNR predictions,
and hotspot area coverage is presented. A new set of ten PHY
layer candidates is modeled (as shown in Fig. 6), with each
scheme operating with a 40-MHz bandwidth [40]. The schemes
include five SM candidates, three hybrid STBC/SM schemes,
and two STBC candidates. To evaluate area coverage, we define
a maximum PER of 10% [41]. If all of our chosen schemes
exceed this PER, then the point is assumed to lie in outage.
A single AP was deployed toward the top of a lamppost at a
height of 5 m (above ground level). The lamppost was located in
the center of a 400 m × 400 m simulation grid. Omnidirectional
antennas were horizontally arranged in the form of a ULA with
λ/2 separations. The AP and MS array elements were aligned
to lie north-to-south. The mobile locations were uniformly
deployed over a square grid with a 5-m spacing. A carrier
frequency of 5.2 GHz was used, and the DTPC algorithm
discussed in Section IV was applied with SNRmax = 30 dB,
SNRmin = 15 dB, Pnom = 30 dBm, and Ptx,max = 40 dBm.
The LA algorithm attempts to achieve the highest link throughput without exceeding SNRmax and Ptx,max . All other PHY
layer parameters, unless explicitly stated, are assumed to follow
the IEEE 802.11a/n standard. The system noise temperature
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Fig. 6. System configurations at the PHY layer (in a 40-MHz bandwidth).

was 290 K, and a noise figure of 3 dB [42] was used. The
PER for each of the MIMO–OFDM PHY layer schemes was
simulated using the SNR and the MIMO channel data from the
RTD model for each MS location.
MIMO communication capacity is dependent on channel
phenomenology, and the singular value distribution is a useful
tool for understanding the expected MIMO performance [43].
Fig. 7(a) presents the distribution of the mean reciprocal condition number (RCN) [44] (measured over 1000 3 × 3 MIMO
channels), where the instantaneous RCN is given by
min(µ)2 / max(µ)2 , and µ represents the vector of singular values from each matrix HHH . Small values of the RCN tend to
occur in locations with strong LoS (and, hence, high K-factor).
The assumed relationship between DS and AS in the
TGn802.11n model results in larger AS values and, hence,
an overprediction of capacity in the outdoor hotspot. This is
particularly noticeable in strong LoS regions (i.e., in the same
street as the AP), as shown in Fig. 7(b). Fig. 7(c) shows the service coverage for the 3 × 3 SM-based MIMO–OFDM system
(mode I) in the simulation area. In these cases, a high degree
of spatial correlation can occur, and this can have a detrimental
effect on MIMO system performance. In contrast, low correlated MIMO channels tend to have a large RCN. Given that the
SM schemes under consideration have a low immunity to high
correlation values, frequent gaps in the predicted coverage area
can be seen. It is also evident that service cannot be reliably
provided when the mobile moves close to the AP, since a
very strong LoS component exists, and this creates high spatial
correlation and, thus, low rank in the resulting HHH matrix.
For such cases, although the SNR is high, the 3 × 3 SM scheme
is unable to meet the 10% PER target. From analysis of the
grid shown in Fig. 7(c), we conclude that at the PHY layer, this
particular SM scheme cannot operate with a PER less than 10%
for locations with a low RCN or a low SNR.
Each of the ten MIMO–OFDM schemes in Fig. 6 is now
modeled using site-specific channel data (as discussed in
Section II-B) extracted for every MS–AP link in the service area. A total of 6000 MS–AP links were analyzed per

Fig. 7. Grid plots. (a) RCN. (b) Throughputs based on TGn802.11n assumptions. (c) Throughputs based on ray tracing.

scheme, resulting in 60 000 individual PHY layer simulation
studies. For each study, 1000 data packets were simulated (each
1152 bytes in length) to determine the expected PER and
throughput. In total, this required the simulation of 6 million
data packets. Fig. 8 plots the area coverage versus throughput
for each of the ten MIMO–OFDM schemes. Clearly, in all
cases, throughput is shown to drop as the PER increases.
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Fig. 8. Area coverage versus throughput for each of the MIMO
configurations.
TABLE II
% AREA COVERAGE BY OPERATING MODE AND LA

Given our maximum 10% PER outage criteria, STBC modes II
and III achieve a maximum coverage area of 72% and 85%,
respectively. Both modes utilize 64QAM, which, in the case of
STBC, can be successfully deployed. SM modes I, IV, VI, VIII,
and X achieve a maximum area coverage of 11.11%, 11.14%,
2.34%, 0.72%, and 0.06%, respectively. Clearly, SM results in
very limited coverage (peaking at only 11.14%) of the service
area. For SM, as the modulation order increases, the percentage
coverage area is shown to decrease. The highest peak rate SM
scheme (mode X using 64QAM) is almost never used. The use
of the hybrid algorithm brings a significant increase in area
coverage. Hybrid modes V, VII, and IX offer a maximum coverage area of 50.19%, 8.4%, and 5.96%, respectively. The most
successful hybrid mode uses 16QAM modulation. Compared
to pure SM, in the hybrid case, the area coverage for 64QAM
is much improved. These coverage data are summarized in
Table II, where the maximum area coverage for each scheme
is quoted against its peak data rate.
Table II quotes the percentage area coverage for each scheme
after application of the ideal LA algorithm. STBC modes II and
III are chosen for 16.42% and 32.74% of locations, respectively.
Overall, STBC schemes are chosen for approximately 50% of
covered locations. Hybrid mode V is selected for 40.76% of
covered locations, making it the most successful mode of those
studied in this paper. Overall, hybrid schemes are chosen for

Fig. 9. NLoS analysis for rx #2283. (a) PER. (b) Throughput (K-factor =
0.75 dB; rms AS at AP = 49.2◦ ; rms AS at MS = 140.4◦ ; rms DS =
110.8 ns).

approximately 48% of covered locations. SM modes IV and
VI are chosen for 1.00% and 0.84% of locations, respectively.
Overall, SM schemes are chosen for approximately 2% of locations. Interestingly, although SM mode I is usable at 11.11% of
locations, it is never chosen by the ideal LA algorithm. Given
that this mode offers a peak rate of only 108 Mb/s, we note
that the 64QAM STBC modes offer a higher throughput at
all SNR values.
Figs. 9 and 10 present the PER and throughput curves for all
ten schemes for the two particular test cases shown in Fig. 7(a),
namely NLoS (e.g., rx #2283) and LoS (e.g., rx #751). Results
indicate that mode III (4 × 4 STBC) offers a powerful diversity
gain for both rx #2283 and rx #751. It can be seen that mode I
(3 × 3 SM with 3/4 rate QPSK) offers the second lowest PER
for rx #2283 [Fig. 9(a)], but it has the second highest PER for
rx #751, as shown in Fig. 10(a). For rx #2283, a 288-Mb/s
throughput is achievable using mode X (3 × 3 SM with 2/3
rate 64QAM) at a required SNR of around 23 dB [Fig. 9(b)]. In
contrast, such high throughputs are never obtained at rx #751
for practical SNR values (i.e., less than 30 dB), and the maximal
peak throughput is 216 Mb/s [Fig. 10(b)]. Generally, if the
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TABLE III
TRANSMIT DATA RATE AND COVERAGE BY LA

Fig. 10. LoS analysis for rx #751. (a) PER. (b) Throughput (K-factor =
10 dB; rms AS at AP = 11.8◦ ; rms AS at MS = 4◦ ; rms DS = 5.6 ns).

channel is NLoS, then the required SNR is far lower than
the corresponding strong LoS case. For example, at rx #2283,
mode V (a 4 × 4 hybrid) and mode IV (2 × 2 SM) can
operate at SNRs of 12 and 19 dB, respectively, to provide a
peak transmission rate of 144 Mb/s. At rx #751, the required
SNR increases to 36 and 43 dB for these two modes. Results
also show that at peak rates in excess of 108 Mb/s, the hybrid
schemes have a lower required SNR than the SM schemes for
a given peak throughput. Finally, in Fig. 10(a), it is interesting
to note that the three best modes (III, II, and V) for this NLoS
test point correspond to those most chosen by the LA algorithm
(see Table II).
As previously mentioned, higher order modulation schemes
using SM need more transmit power to operate at a low PER.
STBC offers a diversity gain, but this comes at the expense of a
lower peak capacity. In practice, high throughput at a low SNR
(and low receive complexity) is desirable. Previous results from
Figs. 7(c) and 8 indicate that SM (using MMSE detection) cannot be used in the vast majority of locations. An adaptive system
is attractive to switch between a range of different MIMO
modes as required. Table III demonstrates that high capacity (up
to 288 Mb/s) and good geographic coverage can be combined.

Fig. 11.

Grid plots. (a) Achievable maximal throughput. (b) LA model.

In summary, 6.15% of locations in this test area can support
216 Mb/s or better, 9.24% can support 192 Mb/s or better,
51.15% can support 144 Mb/s or better, and 87.83% can support
108 Mb/s or better. Hence, 12.17% of locations remain in
outage. In practice, a range of lower peak rate modes would
be used to cover these regions.
Fig. 11(a) shows the maximum predicted throughput at each
point in the test location, whereas Fig. 11(b) shows the selected
mode (by group). It can be seen that SM schemes are only
chosen in areas with rich multipath scatter [see Fig. 7(a)] and
a high SNR. In general, both the SM and hybrid schemes are
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better suited to NLoS regions. The hybrid schemes can be used
to capture the diversity gain. As such, the 4 × 4 hybrid mode
offers coverage in many more locations than the standard SM
schemes (as confirmed by Table II). STBC is clearly preferred
in LoS locations (i.e., in the same street as the AP) and for
distant locations near the cell edge (where the SNR is low). We
note that high data rates from 108 to 288 Mb/s are achieved,
although LA (even as the user moves over small distances) is
vital to ensure optimum performance.
VII. C ONCLUSION
This paper has presented a detailed study of urban
MIMO–OFDM performance based on theoretic evaluations and
a unique set of ray-tracing/simulation studies. The combination
of area-wide link-level simulations using MIMO channel data
from an urban ray-tracing propagation model provides unique
insights into system performance.
SM, combined with higher order modulation, was shown
to increase the peak link throughput if full rank channels and
a high SNR are available. STBC was shown to offer strong
diversity gains at a low SNR but could not increase the link
throughput unless combined with AMC (see Table I).
A key focus of this paper was the comparison of SM with
STBC and hybrid SM/STBC schemes. Results showed that
there were fundamental tradeoffs between the use of STBC
and SM. STBC (which offers a strong diversity gain) was more
suitable when the mobile was located in LoS to the AP (where
the channel rank is low) or placed toward the cell edge (where
the SNR is low). SM schemes worked well in locations with a
high SNR and rich multipath scatter (indicated by a large RCN).
For NLoS regions, the hybrid STBC/SM scheme was shown
to greatly enhance the area coverage while also improving the
PER versus SNR performance. Interestingly, no MIMO scheme
was able to effectively operate over the entire service area.
Results clearly demonstrate the need for suitable MIMOoriented LA strategies that take into account the wide range
of channel conditions encountered in practice (both the SNR
and rank). LA should be used to select the type of MIMO
algorithm, the particular modulation and coding scheme, and
the number of antenna elements at both ends of the link. For
our test environment, results showed that approximately 2% of
covered locations selected SM, 48% selected hybrid operation,
and 50% selected STBC. In total, 87.83% of locations were
covered with a data rate of 108 Mb/s or better.
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