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Abstract— The main goals in developing the next generation 

of wireless communication systems are for delivering 

multimedia services such as voice, data and image in local 

coverage networks. These will be a complement to the 

existing wide area coverage systems, for example to the 

third generation of mobile communications. In order to 

provide these services, a high data rate and high quality 

digital communication system is required in a restricted 

bandwidth. A major limiting factor is, however, the 

multipath propagation phenomenon. It causes frequency-

selective fading due to different echoes of transmitted 

symbols overlapping at the receiving end, which can lead to 

the bit-error-rate (BER) degradation. One way to effectively 

combat the multipath channel impairments and still provide 

high-data rates in a limited bandwidth is use of an 

orthogonal frequency-division multiplexing (OFDM) 

modulation method and multiple antennas at the transmitting 

end. OFDM is an attractive multi-carrier modulation 

(MCM) technique because of its high spectral efficiency and 

simple single-tap equalizer structure, as it splits the entire 

bandwidth into a number of overlapping narrow band sub 

channels requiring lower symbol rates. Furthermore, the 

inter-symbol interference (ISI) and inter carrier interference 

(ICI) can be easily eliminated by inserting a cyclic prefix 

(CP) in front of each transmitted OFDM block. OFDM can 

be implemented using a coherent or non-coherent detection 

technique. A coherent detection method generally provides 

the SNR gain over the non-coherent method as the former 

modulation technique uses channel state information. This 

implies, however, a more complex receiver as the channel 

state information is generally obtained using channel 

estimation. 
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I. INTRODUCTION 

This project introduces OFDM in a single-input single-

output (SISO) environment and its extension in a transmit 

diversity or multiple-input single-output (MISO) 

environment. OFDM is a high spectral efficiency type of 

MCM transmission system, where the available spectrum is 

divided into a number of narrow band sub channels. This 

allows for individually modulating each subcarrier and then 

transmitting the entire OFDM blocks at a significantly lower 

rate than in a single-carrier system. OFDM parameters are 

generally chosen such that each sub channel experiences flat 

fading, because the bandwidth of the modulated subcarrier 
becomes narrow compared with the coherence bandwidth of 

the dispersive channel. To eliminate the multipath channel 

impairments, a simple single-tap equalizer is required to 

adjust distorted magnitude and phase in each subcarrier. The 

high spectral efficiency in OFDM is achieved by finding 

frequencies that are orthogonal, which means that they are 

perpendicular in a mathematical sense, allowing spectrum in 

each sub channel to overlap another without interfering with 

it. The orthogonality between the nearby subcarriers and the 

ISI between the consecutive OFDM symbols can be 

completely maintained by a CP. 

OFDM was first presented in 1966, but the concept 

for the MCM system goes back to the early 1950s. In 1971 

the discrete-time OFDM was introduced using an efficient 

fast Fourier transform (FFT) technique at both transmitter 

and receiver. The ISI and ICI problems, due to a dispersive 

channel, were solved using the CP extension of the OFDM 

symbols in 1980. OFDM has many applications in wired 

and wireless environments today. 

 
Fig. 2.1: Discrete-Time SISO OFDM model. 

These are discrete multitone (DMT) systems, 

digital audio broadcasting (DAB), digital video broadcasting 

(DVB) and WLANs. An extension to modern SISO WLANs 

introducing multiple antennas at both transmitter and 

receiver is also in its standardization phase. 

A. OFDM modulator 

The data symbols, x(i; k), at discrete-time instant i of an 

OFDM block are individually modulated on K subcarriers 

by the IDFT using some conventional types of phase shift 

keying (PSK) or quadrature amplitude modulation (QAM) 

constellation. After the IDFT transformation, the complex 

baseband OFDM. 

Signal in the time domain is given by 

x(i; l) = 1/𝐾∑ 𝑥(𝑖; 𝑘)𝑒2𝑗𝜋𝑙/𝐾
𝐾−1

𝑘=0

 

Where l is the discrete-time sample and k denotes the 

subcarrier number out of k = 0, 1, . . K − 1. 

1) Channel 

The complex baseband multipath channel, at arbitrary time t 

, can be described by the M-tap CIR as follows  

 
Where t represents the time variations of the 

channel due to motion and denotes the channel multipath 

delay at a fixed time instant, t . m is the delay for the mth 

path, where m = 0, 1. . . M −1.    m (t) is the corresponding 



The Sparse Approximations of the LMMSE Channel Estimation in OFDM with Transmitter Diversity 

 (IJSRD/Vol. 6/Issue 10/2018/181) 

 

 All rights reserved by www.ijsrd.com 721 

complex gain with a power delay profile, (m), and (·) is the 

Dirac delta function. The path gains, _m(t), are independent 

wide-sense stationary (WSS) narrowband complex Gaussian 

processes. The power delay profile,(_m), is generally 

modeled as exponential or uniform and will be discussed in 

the following sections. 

From Equation 2.2, the channel frequency response 

(CFR) of the multipath channel at time t can be given by  

 
Where f is the continues frequency. For the CIR 

that is confined to the CP length and sample-spaced timing, 

the discrete-time CFR at the kth tone of one OFDM block 

can be expressed as 

 
where Tf  are the OFDM symbol time interval and 

subcarrier spacing respectively. L0 is the discrete-time delay 

of the power delay profile. h(i; l) _= h(iTf , lTs) is the 

discrete-time CIR, where Ts = 1/(K_f) is the sampling rate, 

and WK=exp(-j2/K). 

2) OFDM demodulator 

After the CP is removed (shown by the “− CP” block in Fig. 

2.1) in the demodulator, the received signal is converted 

from serial to parallel (S/P) form and then demodulated back 

to the frequency domain by the DFT. When the CIR is 

confined to the CP length and also when a perfect time and 

frequency synchronization exists in the OFDM transceiver, 

the input-output description 

is given by 

y(i; k) = H(i; k)x(i; k) + n(i; k), (2.5) 

where n(i; k) is the additive complex Gaussian 

noise with zero mean and variance, given by the DFT of the 

time domain i.i.d. noise vector, n(i) = [n(i; 0), n(i; 1), . . . , 

n(i;K − 1)], of n(i; l) terms. 

3) Non-sample spaced channels 

Generally, the channel paths are non-sample spaced that 

causes energy smearing across the entire OFDM block. This 

can result in poor channel estimation quality especially 

when using a temporal estimation method (often referred to 

as the DFT-based method). The energy smearing can be 

described by the discrete-time CIR obtained via the IDFT 

transformation of the CFR, H(t; f), defined by Equation 

(2.3). Then, the observed impulse response at sample l can 

be expressed by 

 
If delay _m is an integer, then all the energy from 

the multipath complex gain, _m, is mapped to gm(l) tap. 

Otherwise, if _m is not an integer, its energy will leak to all 

taps. The latter is illustrated in Fig.2.2 for a unity gain path 

zero, which is lying in delay interval (0 < _m < 1). After the 

inverse FFT (IFFT), the path energy becomes distributed 

over the sample-spaced taps l = [0, 1, . . . , K − 1].  

 
Fig. 2.2: The leakage of a unity gain path zero due to non-

sample spaced channel, K= 64. 

The energy smearing is maximum across all taps, 

when _m is right in the middle of the two adjacent sample-

spaced taps. 

B. Impairments due to the CIR exceeding the CP length 

OFDM is generally implemented using the CP extension. In 

practice, CP cannot be long enough for the complete 

elimination of inter block interference. When this occurs, 

additional sources of interference arise, caused by the ISI 

term from the preceding symbol and ICI term from the 

present symbol. Each of these two terms can be modeled as 

an additional source of uncorrelated additive complex 

Gaussian noise, with zero mean and combined variance of 

the CIR taps that exceed the CP length. Under this 

assumption, the complex baseband CIR of a wireless 

multipath channel, given by Equation (2.2) and can be 

written as 

 
Where M′ denotes the number of channel taps that 

are within the CP lengths. μ is the tail tap number, out of the 

remaining, (M −M′), CIR samples that are outside the CP 

length. For a unit variance symbol, x(i; k), sent through a 

fading channel with the CIR power normalized to unity, the 

interference power due to ISI and ICI in the kth subcarrier, 

caused by the μth path, can be given by the variance, _μ(i; 

k), as follows  

 
Thus, the frequency domain input-output 

description of the received signal, y(i; k), given by Equation 

(2.5), can be written as  

 
where e(i; k) is the interference term presented by 

the additive complex Gaussian noise with zero mean and 

variance of _(i; k), given by 

 
An alternative method to present the interference 

power, n(i; k), has been evaluated. This method is based on 

the observations that the noise is predominantly affecting 

the low-frequency components in DMT systems. 

Accordingly, the ISI and ICI interference power, for the 

sample-spaced timing, is given by 
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Where Hμ(i; k) is the DFT of the observed CIR tail taps, 

given by 

 
 Generally, Equation (2.12) produces larger mean 

value of the estimated ISI and ICI error power than Equation 

(2.11), as a result of iterative accumulation of the 

interference component at lower frequency bins. In non-

sample spaced channels, the noise variance estimation using 

Equation (2.12) can also be affected by the CIR smearing 

outside the CP length. The latter can cause further rising of 

the mean interference power. The interference power causes 

an irreducible mean square error (MSE) floor for the OFDM 

data symbols and for channel estimation at high SNRs. In 

the following, the interference power term will be modeled 

using Equation (2.11). 

C. Detection Methods 

In OFDM using PSK or QAM modulation, the phase and 

amplitude on each subcarrier are generally corrupted at the 

receiving end by frequency offset, imperfect time 

synchronization and multipath channels. Two common 

techniques are widely used to demodulate these signals with 

distorted constellations: coherent and differential detection. 

Coherent demodulation requires knowledge of the 

transmitted carrier amplitude and phase, which can be 

obtained using channel estimation. This generally implies a 

more complex receiver. Differential detection requires no 

amplitude and no phase information in order to perform 

demodulation. Thus, the receiver can be much simpler and 

the pilot symbols can be omitted, at the price of a higher 

SNR, which has to be provided by greater transmission 

power. Time domain differential detection is mostly affected 

by the Doppler spread, especially in rapid dispersive fading 

channels. 

The performance of frequency domain differential 

detection mostly depends on the r.m.s. delay spread of the 

multipath channel power delay profile. Advanced topics on 

differential detection application in OFDM, such as coded 

modulation for non-coherent reception and two-dimensional 

demodulation, can be found for example in 

Figure 2.3: OFDM packet structure in the IEEE 802.11a 

WLAN. 

In general, the SNR after differential detection is 

approximately 3 dB worse than the input SNR. The SNR 

performance loss due to non-coherent modulation makes the 

coherent detection more attractive and therefore a better 

choice for the modulation method in OFDM systems. In 

practice, coherent detection also has an SNR loss because of 

imperfect channel estimation and because a part of the 

signal power is spent on pilot symbols [4], [35]. These 

problems are addressed in the following chapters for 

OFDM-based WLANs using coherent detection and 

analyzed in a transmit diversity environment. 

D. OFDM-based WLANs 

OFDM-based communication systems can be classified as 

continuous transmission systems, such as DAB and DVB, 

and packet type communication systems, such as IEEE 

802.11a and ETSI BRAN HIPERLAN/2. The packet type 

systems have found their further extension in MIMO 

applications in recent years. MIMO OFDM wireless links 

will provide high data rates in home and office 

environments, with peak rates up to 100 Mb/s .IEEE 

802.11a and HIPERLAN/2 can provide channel data rates 

up to 54 Mb/s (in a 20 MHz channel spacing) in the 5 GHz 

frequency band and they employ coherent detection. 

E. Time and Frequency Domain Correlation 

The OFDM modulation technique allows exploitation of 

both, the time and frequency domain correlations between 

the sub channels, which can be used to improve the channel 

estimation accuracy.  

The time and frequency domain correlations are discussed in 

the following sections based on the physical layer 

parameters of IEEE 802.11a WLAN. 

 

Channel 
r.m.s. delay 

spread 

Max. excess 

delay 
Environment 

A 50 ns 390 ns NLOS 

B 100ns 730ns NLOS 

C 150ns 1050ns NLOS 

D 140ns 1050ns LOS 

E 250ns 1760ns NLOS 

Table 2.2: HIPERLAN/2 Channel Models 

F. Indoor Wireless Channel Models 

WLANs have been deployed in a wide range of indoor 

environments, such as offices, industrial buildings, 

exhibition halls and homes . Five channel models – A, B, C, 

D and E – have been specifically developed to represent this 

environmental diversity. They are summarized in Table 2.2. 

The channels are non-sample spaced with an exponentially 

decaying power delay profile. They are modeled as 18-tap 

delay lines in non-line-of-sight (NLOS) and line-of-sight 

(LOS) condition. Each tap undergoes independent Rayleigh 

(NLOS condition) or Rician (LOS condition) fading with a 

corresponding mean average power. The maximum 

specified terminal speed is 3 m/s. With multiple antenna 

technologies being considered as a viable solution for the 

next generation of WLANs, a set of channel models for 

indoor MIMO WLAN systems has been recently proposed. 

Some of these models are extensions to the existing 

HIPERLAN/2 channels. 

G. Time Domain Correlation 

The multipath channel environment causes time and 

frequency selective fading. This is often described by the 

time domain and frequency domain correlation functions. 

The time domain correlation function shows the correlation 

between the channel responses of two symbols that are (i′ − 

i) symbols apart. The frequency domain correlation function 

shows the correlation between the channel responses of two 
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subcarriers that are (k′ − k) subcarriers apart. For the total 

average power of the CIR normalized to unity, the channel 

correlation function of the CFR, rH(i′ −i, k′ −k), can be 

separated into the multiplication of a time domain 

correlation, rt(i′−i), and a frequency domain correlation, 

r(k′−k), defined by 

rH(i′ − i, k′ − k) _= E{H(i′, k′)H(i, k)H} = rt(i′ − i)r(k′ − k), 

(2.14) 

where i′ and k′ are corresponding indices to i and k 

respectively, indicating time or frequency separation and 

also denoting the correlation matrix row number. The 

superscript (·)H denotes Hermitian transpose. The time 

domain correlation of the channel is defined by the classical 

Doppler spectrum [45], given by the time domain 

correlation function 

rt(i′ − i) = J0(2_TffD(i′ − i)),   (2.15) 

Where J0 is the zeroth order Bessel function of the 

first kind and fD is a maximum Doppler frequency, given by 

fD=vfc/C       (2.16) 

Where v is the mobile terminal speed, fc is the 

carrier frequency and C denotes speed of light. 

In general, an OFDM receiver does not know the 

reference terminal speed, v, and also a maximum Doppler 

frequency, fD. To generate the time domain correlation 

matrix, an expected value for fD may be used (the worst-

case scenario) or alternatively velocity of a terminal can be 

measured in real time.  

H. Frequency Domain Correlation 

The frequency domain correlation of the channel is defined 

by the channel power delay profile. The channel power 

delay profile is generally classified as exponentially 

decaying or uniformly distributed (often called 

uniform).Based on indoor measurements in 5 GHz band, 

HIPERLAN/2 channel models specify the exponentially 

decaying power delay profile, given by 

 
Where the subscript denotes exponential, A is a 

constant and Wrms denotes the r.m.s. delay spread. For 

uniformly and independently distributed delays Tm over the 

CP length, L, the frequency domain correlation coefficients, 

r(k′−k), of the matrix given by Equation (2.14) can be 

expressed by  

 
After the integration over the given limits in 

Equation (2.18) for correlation coefficients re(k′−k) for the 

exponential power delay profile, normalized to unity for all 

k′ = k, are given by 

  
From Equation (2.19) can be found the coherence 

bandwidth of the channel that is in strong relationship with 

the r.m.s. delay spread, Trms. The coherence bandwidth 

determines the range of frequencies over which the channel 

can be considered flat. Similar to the terminal velocity 

estimation, an OFDM receiver does not generally know the 

reference r.m.s. delay spread of the channel. To generate the 

frequency domain correlation matrix, an expected value for 

Wrms may be used or alternatively the r.m.s. delay spread 

can be measured in real time. One estimation method of 

r.m.s. 

1) Correlation Properties in HIPERLAN/2 Channels 

HIPERLAN/2 channels have a Wrms ranging between 50 ns 

and 250 ns and a mobile terminal speed ranging between 0 

m/s and 3 m/s .  

 
Fig. 2.4: Frequency domain correlation in 802.11a for 

HIPERLAN/2 channels. 

As delay spread Wrms of multipath channel 

increases, the coherence bandwidth of the channel 

decreases, resulting in reduced correlation between the 

neighboring subcarriers. Thus for an 802.11a OFDM system 

in HIPERLAN/2 channel environment, the correlation 

function, rH(i′ − i, k′ − k), given by Equation (2.14) for 

different pilot symbols i and subcarriers k can be simplified 

to r(k′ − k) as follows. 

rH(i′ − i, k′ − k) = rt(i′ − i)r(k′ − k) ≈ r(k′ − k), (2.20) 

 
Figure 2.5: MISO OFDM Discrete-Time Model. 

I. Transmitter Diversity in OFDM-based WLANs 

Transmitter diversity is an effective way to mitigate 

multipath fading channels. Its goal is to generate multiple 

versions of the same signal by making use of multiple 

antennas. Thus, even if some of the received versions of the 

signal are deeply faded, it is highly probable that not all 

copies experience these deep fades. 

J. OFDM WLANs and Transmitter Diversity 

The channel estimation problem in modern OFDM-based 

WLANs using multiple antennas (as a possible extension to 

existing standards) has been addressed in many publications 

in recent years. The received signal in the MISO OFDM 

system is formed as a superposition of the different signals 

simultaneously sent from all transmit antennas and 

therefore, this can affect channel estimation performance 
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and its complexity. A block diagram for coherent MISO 

OFDM with Q transmitters and 1 receiver is depicted in Fig. 

2.5. The MISO scheme can provide diversity orders of Q × 

1, given that transmit antennas are separated far enough 

from each other so that the transmitted signals have zero or 

minimum cross-correlation. As shown in Fig. 2.5, the Q 

transmit antennas j = 1, 2, . . . , Q simultaneously send Q 

different OFDM symbols, xj , each formed by K modulated 

subcarriers using PSK or QAM constellation. The OFDM 

symbols, before the IDFT transformation, are defined as 

follows 

 
Where xj(k) is an arbitrary complex number with 

zero mean and variance _2x. The time domain index, i  is 

omitted in Equation (2.21) for simplicity. After the IDFT 

transformation and cyclic extension, each of these signals is 

sent through a multipath fading channel and each of them 

experiences an independent fading, hj(l). When the fading 

channel is confined to the CP length, the frequency domain 

input-output description for MISO OFDM can be given by 

 
Where Hj(k) is the channel frequency response 

corresponding to transmit antenna j . The average SNR at 

the receiving end is defined by assuming unit variance, _2x, 

of data symbols. 

 
After the DFT transformation in the OFDM 

demodulator, the received signal, y, is passed to the channel 

estimator, where Q channel estimation vectors, ˆHj , are 

obtained.  

 
Figure 2.6: A time orthogonal long sequence in MISO 

OFDM. 

K. Pilot Symbol Structures 

One simple solution for a pilot symbol structure in MISO 

OFDM is to use an independent long pilot sequence for each 

antenna, while the rest of the antennas remain idle (also 

called a time orthogonal preamble). This structure is 

presented in Fig. 2.6 for a 4 × 1 MISO scheme within the 

802.11a framework. The time orthogonal structure Q times 

increases an overall preamble length (4 · 8 = 32 μs for Q = 4 

in Fig. 2.6, refer to Table 2.1). The above sequence may 

result in SNR and capacity loss, because a part of the signal 

power is spent on pilot symbols and because the effective 

preamble length is increased Q times (due to the idle 

periods).  

II. ESTIMATION OF CHANNEL STATISTICS IN MISO OFDM 

The Bayesian type estimators, such as for example LMMSE, 

exploit prior information of multipath channel statistics that 

give better performance of the channel estimation. These are 

generally the SNR, maximum excess delay of the power 

delay profile, r.m.s. delay spread and velocity of a terminal. 

The latter parameter estimation can be avoided in the packet 

type OFDM systems as the packet length is generally chosen 

short enough such that the time variations of the channel can 

be considered constant over the packet. The former 

parameter estimations are evaluated in the following 

sections based on the initial, coarse channel estimation. 

A. Coarse Channel Estimation 

When pilot symbols are used, the coarse channel estimation 

in MISO OFDM can be obtained by multiplying the inverse 

of the diagonal matrix, containing training symbols xj(i), by 

the received column vector, y(i), at a time instant, i . This 

technique is well known as least-squares (LS) channel 

estimation and its advantage is simplicity (one complex 

multiplication per one frequency bin is all what is required 

for channel estimation). A drawback of the LS estimation is 

its high MSE.  

The latter approach can lead to a capacity and SNR 

loss in an OFDM system due to the increased pilot symbol 

overhead, t The Q transmit antennas j = 1, 2, . . . , Q 

simultaneously send Q different OFDM pilot symbols. One 

or another structure (Fig. 2.6) is used to interleave K 

subcarriers in the frequency domain. By letting K/Q be an 

integer, the basic pilot symbol scheme (Fig. 2.6 is defined in 

vector notation as follows 

 
where xj(i; k) is an arbitrary complex number with 

unit magnitude. The LS estimation vector, ˜Pj , 

corresponding to antenna j of the two repeated symbols (Fig. 

2.7(a)), can be obtained as follows  

 
where Xj = Xj(i), i = (0, 1) is a diagonal matrix of 

size K/Q×K/Q that contains the non-zero pilot points, xj(i; 

k). For example, Xj(i) for j = 1 and i = 0 is given by 

 
The input-output description for a sub-set of K/Q 

subcarrier symbols, corresponding to transmit antenna j and 

pilot symbol i , can be given by yj(i; k) = Hj(i; k)xj(i; k) + 

n(i; k). (3.4) Furthermore, the average of the two repeated 
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pilot symbols, as defined by Equation (3.2), produces 3 dB 

improvement of the noise performance. In the modified-1 

scheme (Fig. 2.7(b)), the two independent pilot symbols 

correspond to one antenna j . Therefore, the LS estimation 

vector, ˜Pj , can be obtained by union between these two 

symbols as follows 

 
where Pj(i) is the LS estimation vector at the non-

zero pilot points of length K/Q that corresponds to the i th 

pilot from the j th transmitter. Pj(i) is given by Pj(i) = X−1 j 

(i)yj(i), (3.6) where Xj(0) is given by Equation (3.3). Xj(1) 

is obtained by a cyclic shift of xj(i) rows in Equation (3.1), 

such that a minimum distance is achieved between the 

subcarriers corresponding to each antenna , after the union 

given by Equation (3.5). This is shown in Fig. 2.6 for MISO 

OFDM with Q = 4 transmit antennas. 

The union operation in Equation (3.5) produces the 

LS vector of length 2K/Q compared to the average operation 

in Equation (3.2) that produces the LS vector of length K/Q.  

 
Fig. 3.1: Generalized block diagram of the MISO OFDM 

receiver using a Bayesian 

These type channel estimator with interleaved 

subcarriers in the frequency domain. Are shown in Fig. 3.1 

where a generalized block diagram of the MISO OFDM 

receiver is presented. The parameter estimation will be 

discussed in the following sections. 

B. SNR Estimation 

SNR is an important system parameter that knowledge is 

often required in real time to optimize the performance of a 

communication system. For example, the estimated SNR 

can be used to improve LMMSE channel estimation 

accuracy under real time conditions. 

C. SNR Estimation Methods in MISO OFDM 

This section presents two low-complexity SNR estimation 

algorithms for OFDM systems with transmitter diversity. 

The first algorithm is a frequency domain method that 

makes use of the two repeated symbols in the basic pilot 

structure . The second algorithm is DFT-based that will be 

evaluated later in this section. Both algorithms are studied in 

HIPERLAN/2 non-sample spaced channel environments. 

If a multipath channel is non-sample spaced, it will 

produce smearing of the CIR when IDFT transformation is 

involved. This can cause degradation of the SNR estimation. 

It is shown that proper windowing of the measured CIR or 

alternatively a pre-advancement of the timing point can 

effectively improve the SNR estimation quality in the DFT-

based method. 

In MISO OFDM, the average SNR at the receiving 

end is defined by Equation (2.23). With the total transmit 

power normalized to unity, it only requires estimating the 

noise variance, ˆN0, to obtain its reciprocal SNR estimation. 

In an OFDM system with transmit diversity, an accurate 

estimation of the noise variance. 

 
where ˆxj(k) is the filtered, channel distortion-free 

estimated signal at subcarrier k. The noise variance 

estimation, ˆN0 (and therefore the SNR estimation), in 

Equation (3.7) requires a prior knowledge of ˆHj(k) and 

ˆxj(k) values, which are generally not available before the 

fine channel estimation. This problem is investigated in 

Section 5.1, where the LMMSE channel estimator requires 

only a coarse SNR estimation for selecting between two 

groups of coefficients stored in LUTs . In the following, two 

noise variance estimation methods are evaluated for the pilot 

symbol structures presented in Fig. 2.6. 

The mean variance will result in double noise 

power, which should be scaled down by a factor of two (or 

−3 dB). The scale factor of 2 is included in Equation 3.8. 

The above method is called a frequency domain method as 

the SNR estimation processing is carried out solely in the 

frequency domain. This is evaluated below. 

 
Figure 3.2: DFT-based noise variance estimation in MISO 

OFDM using non repeated 

A block diagram of the DFT-based noise variance 

estimation is presented in Fig.3.2 for the non-repeated pilot 

symbol vectors, xj . The LS estimation is also included in 

the block diagram. 

The pilot symbol, y, from the MISO OFDM 

demodulator output is passed through the demultiplexer, 

which splits the pilot symbol into Q vectors, yj , each of 

length K/Q (Fig. 3.2). After the LS estimation of yj , given 

by Equation (3.6), a corresponding CIR is obtained from 

vector ¯Pj by means of the K/Q-point IDFT in the noise 

filter block. For K/Q ≥ L0, the observed CIR corresponding 

to transmit antenna j is given by 

 
where F is the Fourier matrix, given by  
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After the IDFT transformation given by Equation 

(3.9), a filtering is performed of the noisy CIRs  

 
The windowing operation reduces the noise 

variance of the LS estimation vectors, pj , each of length 

K/Q by a factor of QL0/K . The filtered channel estimation 

vectors, ¯P ′ j , are obtained by a reverse K/Q-length DFT 

transformation as follows ¯P 

 
With the appropriate scaling, the noise variance in 

MISO OFDM for non-repeated pilot symbols is found as an 

MSE between the filtered vectors, ¯P′j , and the noisy LS 

estimation vectors, ¯Pj , given by 

 
If the MISO OFDM operates in a non-sample 

spaced channel environment, the leakage problem given by 

Equation (2.7) can reduce the quality of the noise variance 

estimation, ˆN0, due to the CIR power smearing. This is 

shown in Fig. 3.3 for one interleaved OFDM pilot symbol in 

the frequency domain with Ts = 50 ns, K/2 = 32 active 

subcarriers and L0 = 8 samples. The symbol was sent in a 2 

× 1 diversity scheme. A random noiseless realization of 

HIPERLAN/2 channel A was generated with the total CIR 

power normalized to unity. 

As most of the observed CIR power remains in the 

neighborhood of the original pulse location, a simple 

windowing method can be used to improve the noise 

variance estimation quality. This can be accomplished by 

including in Equation (3.11) the CIR taps that lie outside the 

first L0 taps, exceeding a particular threshold level of the 

CIR power. This is shown in Fig. 3.3(a). With this, Equation 

(3.11) can be rewritten as follows 

 
Fig. 3.3: Observed CIR of HIPERLAN/2 channel A in a 2 × 

1 scheme using one 

interleaved pilot symbol in the frequency 

domain:(a) a noiseless random realization; (b) a cyclic shift 

of the CIR for  = 2 samples. 

where _ denotes the CP window extension 

operator. Otherwise, a pre-advancement of the timing point 

or in other words a cyclic shift of the CIR for _ samples can 

be used as shown in Fig. 3.3(b), where _ = 2. The L0 length 

can also be extended for _ samples (not shown in the 

figure). Alternatively, the noise variance estimation can be 

obtained in the time domain by just summing energy of taps 

with the least significant power of the observed CIR, ¯pj . 

The advantage of this method is that in general it would 

require less processing operations compared to Equation 

(3.13) and especially in an OFDM system with the small 

number of subcarriers, operating in the large delay spread 

channels. Equation (3.13) requires K complex conjugate 

multiplications and Q K/Q-point DFTs to obtain vectors P′j , 

whereas the alternative method would require (K/Q − L0)Q 

complex conjugate multiplications. On the other hand, the 

method given by Equation (3.13) makes use of the filtered 

LS estimation vectors that can be used as the fine channel 

estimates after simple linear interpolation of vectors P′j , 

each of length K/Q. This simplified channel estimation 

approach can be applied when advanced processing 

techniques such as LMMSE are not practical due to high 

implementation complexity. It should be also noted that the 

filtered CIR, ¯p′ j , can further be used for the maximum 

excess and r.m.s. delay spread estimations (shown by a 

dotted arrow in Fig. 3.2). The quality of the noise variance 

estimation can be further improved if more than one set of 

pilot symbols is available, as for example in an 802.11a 

OFDM system using two long pilot symbols for channel 

estimation. The improved noise variance estimation can be 

achieved by the union operation given by Equation (3.5) 

between the two independent pilot symbols, prior to the 

noise variance estimation using Equation (3.13). The union 

operation doubles the LS estimation vector Pj length and 

therefore improves the quality of the CIR estimation (and 

also the noise variance estimation) by means of IDFT 

transformation. 

1) Numerical Results 

The coarse SNR estimation algorithms given by Equations 

(3.8) and (3.13) were simulated in the 802.11a framework 

for the basic (Fig. 2.7(a) for Q = 2) and modified-1 (Fig. 

2.7(b) for Q = 2) pilot symbol structures in a 2 × 1 diversity 

scheme. HIPERLAN/2 non-sample spaced channel A, C and 

an equal power 2-ray sample-spaced channel (for a 

reference) were used in simulations. The 2-ray channel was 

known to have Wrms= 50 ns and a maximum excess delay 

of the power delay profile, _x = 100 ns. In the basic pilot 

symbol structure, L0 parameter was set equal to the CP 

length of L0 = L = 16 samples. A perfect time and 

frequency synchronization were assumed at the receiver and 

the total transmit power was normalized to unity. The noise 

variance estimation at each SNR value was evaluated using 

1000 trials of randomly generated channels. Two long 

OFDM pilot symbols were simultaneously sent from each of 

two transmit antennas through a fading multipath channel 

using one or another pilot symbol structure. A new channel 

was randomly generated for each pilot sequence, but the 

channel remained constant over the sequence. Prior to the 
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noise variance estimation in the modified-1 pilot scheme by 

means of Equation (3.13), the union operation was 

accomplished between the two independents. 

 
Fig. 3.4: Coarse noise variance estimation in a 2 × 1 OFDM 

for sample-spaced 2-ray channel and HIPERLAN/2 channel 

A. 

pilot symbols given by Equation (3.5). After the 

union, the null-guard tones (refer to Table 2.1) were set 

according to the average of adjacent measured subcarriers to 

prevent transient effect (the so-called Gibb’s phenomenon), 

when the IDFT operation was involved given by Equation 

(3.9). The tone allocation is given by 

 
In the modified-1 pilot scheme, the tone allocation 

given by Equation (3.15) improves the quality of the CIR 

estimation by means of Equation (3.9) (and consequently the 

noise variance estimation). However, irrespective of these, 

an error floor at high SNRs still exists in the DFT-based 

method. This is shown in Fig. 3.4 for the 2-ray equal power 

sample spaced channel, with almost 8 dB performance loss 

at high SNRs compared with the ideal SNR knowledge (and 

also with the SNR estimation performance of the frequency 

domain method). The actual CIR of the sample-spaced 

channel cannot be accurately recovered by the IDFT 

transformation because the null-guard tones are filled in 

according to the average of adjacent frequency bin values. 

This is still poor approximation to the real channel but is 

preferable to leaving the frequency bins at zero. 

The effect of a non-sample spaced channel 

(HIPERLAN/2 channel A) on the noise variance estimation 

quality in the DFT-based method is also shown in Fig.3.4.  

A portion of the CIR power is lost by windowing given by 

Equation (3.11) (also refer to Fig. 3.3). Although the 

enhanced windowing given by Equation (3.14) effectively 

improves estimation accuracy by almost 6 dB at SNR = 30 

dB for _ = 4, the effects of null-guard tones and CIR power 

leakage result in an estimation error floor at high SNRs. 

The same conclusion also holds for channel C as 

shown in Fig. 3.5. The frequency domain method (only 

possible in the basic scheme) obtains almost perfect noise 

variance estimation, since the frequency domain SNR 

estimation in the basic pilot scheme does not produce any 

interpolation errors and the CP length is long enough (L = 

32 samples) to avoid the interference due to ISI and ICI. On 

the contrary, the effects of null-guard tones and CIR power 

leakage result in the estimation error floor at high SNRs for 

the DFT-based method in the modified-1 scheme. The 

benefit of the enhanced windowing given by Equation (3.14) 

is not as evident as it was in channel A (Fig. 3.4), because 

the longer delay spread reduces the coherence bandwidth 

making the simple approximation for the null bins (using 

Equation (3.15)) even less valuable. The achieved MSE gain 

of ‘Modified-1 in channel C, _ = 4’ curve over the 

‘Modified-1 in channel C’ in Fig. 3.5 is almost two times 

less than in channel A and about 3.5 dB at SNR = 30 dB. 

 
Fig. 3.5: Coarse noise variance estimation in a 2 × 1 OFDM 

for HIPERLAN/2 channel C. 

In addition, interference power is present in this 

scheme due to ISI and ICI, caused by the reduced CP length 

to 800 ns (note _x = 1050 ns for channel C). Interference 

power is shown by the dotted line in Fig. 3.5. It was 

obtained by Equation (2.11), indicating that the interference 

error is well below the error floor of the noise variance 

estimation curves in the modified-1 scheme. Thus, CIR 

power leakage and tone allocation by means of simple 

approximation (Equation (3.15)) dominate the error floor of 

the noise variance estimation in the modified-1 pilot symbol 

structure. Clearly, in realistic scenarios based on the 802.11a 

OFDM system parameters and HIPERLAN/2 channel 

models, the noise variance estimation given by Equation 

(3.13) gives poor performance at high SNRs and therefore 

the DFT-based method should be regarded as the coarse 

noise variance estimation technique. 

III. SPARSE APPROXIMATIONS OF THE LMMSE CHANNEL 

ESTIMATION 

The LMMSE channel estimation for OFDM systems 

requires a large number of complex multiplications. In this 

chapter, a simplified LMMSE channel estimation algorithm 

is evaluated in a transmit diversity environment. This is 

achieved by applying a significant weight catching (SWC) 

technique to the LMMSE fixed weighting matrix. The SWC 

technique itself is based on modifying the smoothing matrix 

by leaving the largest values in each row and turning the rest 

to zeros. In the well-known LMMSE by SVD technique the 

sparse approximation is accomplished by zeroing out all but 

the R largest singular values.  

The LMMSE by SWC can reduce the 

computational complexity of the full LMMSE processor by 
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more than 50% and it outperforms the LMMSE by SVD 

over a wide range of channel delay spreads and SNRs. 

A. Introduction 

 Other authors have evaluated sparse approximations of the 

DFT based channel estimators. However, DFT-based 

estimators have limited performance in non-sample spaced 

channels at high SNRs. The low complexity LMMSE by 

SVD channel estimation technique has also been 

investigated. The low rank- R LMMSE by SVD reduces the 

required number of complex multiplications per tone from 

K/Q to (R/Q + R) in a Q × 1 diversity scheme, but the 

choice of R depends on the channel. Larger channel delay 

spreads result in a reduced singular value spread, requiring a 

higher rank-R estimator to eliminate the irreducible error 

floor up to a given SNR. Modern WLANs must support 64-

point QAM with packet error rates constraint of 1%–10%. 

The operating SNR can therefore go as high as 30 db. 

B. Sparse Approximations of the Fixed Weighting Matrix 

In a transmit diversity environment the best low-rank 

approximation is given by Equation (4.6), based only on the 

neighboring pilot tones. In channels with large delay 

spreads, the rank-R needs to be sufficiently large to 

eliminate the MSE error floor up to a given SNR as shown 

in Fig. 4.14. When the rank-R approaches a value of K/(Q + 

1), the low rank approximation no longer reduces the 

estimator complexity.Based on these observations, an 

alternative sparse approximation technique of the fixed 

weighting matrix, namely LMMSE by SWC, is evaluated 

below. 

C. LMMSE by SWC Channel Estimation 

 Recalling Section 4.2, the LMMSE channel estimation can 

be presented as follows Obviously, some row entries in the 

fixed weighting matrix,Wj , given by Equation(4.20) contain 

stronger weights, with the strongest values being on the 

diagonal. This is illustrated in Fig. 4.1 for four arbitrary 

chosen rows from Wj . Wj was generated using Equation 

(2.19), for a 64-subcarrier OFDM system with L = 16 taps, 

operating at an SNR of 30 dB in a multipath channel with 

Wrms= 50ns and with the sampling rate, fs = 20 MHz Thus, 

the frequency domain matrix, Wj , can be approximated by a 

sparse smoothing matrix containing the strongest weights, 

wj(k, ), in each row, where ≤ K/Q. The � weights are 

chosen to maximize the row energy, Ej(k), given by 

 
Fig. 4.1: Normalized weight energy of arbitrary chosen rows 

from the LMMSE 

Fixed weighting matrix generated for 64-subcarrier 

OFDM. Where is the varying column number corresponding 

to the row vector, wj(k), of matrix Wj . The sparse 

smoothing matrix, Wi is obtained by approximating Wj by 

means of Equation and can be given by 

 
where the superscript denotes the strongest 

weights. The size of the matrix, W is K×K/Q including 

(K/Q−W) zeroed out column entries in each row. Clearly, 

multiplication operations by zero-valued weights are 

unnecessary. Thus, the LMMSE by SWC channel estimation 

in MISO OFDM is defined by 

 
requiring W ≤ K/Q complex multiplications for 

each frequency bin in order to obtain the channel estimation 

vector, H of length K for each antenna j .  

D. MSE Mismatch 

In practice, matrix for a number of expected Wrms(in 

channels with exponential power delay profile) and SNR 

combinations can be pre calculated in advance and stored in 

LUTs . In operation, the corresponding LUT can be 

multiplied by the LS estimation vector, ˜H that will produce 

the LMMSE by SWC channel estimation vector, H. 

However, this approach can cause a mismatch between the 

actual multipath fading channel parameters and the expected 

SNR and r.m.s. delay spread values that were in fact used 

for the smoothing matrix coefficients calculation. This can 

further degrade the channel estimation MSE. Given the true 

with no mismatch SNR and r.m.s. delay spread of the 

channel, SNR and Wrms, the mismatch parameter values 

can be defined as follows 

 
where SNR and Wrmsare the expected parameters 

that were actually used to generate the smoothing matrix, 

Wi. A tolerable mismatch given by Equations (4.5) and (4.6) 

can be obtained based on the statistical knowledge of the 

channel and targeted channel estimation MSE performance 

for a given OFDM system. This would also indicate a 

number of required LUTs for achieving an adequate channel 

estimation accuracy. For example, for a 2×1 802.11a system 

operating in HIPERLAN/2 channel B, the SNR and r.m.s. 

delay spread mismatch can go as high as SNR = ± 5 dB and 

Wrms = ± 5 dB, for an additional MSE performance loss ≤ 3 

dB. This will be shown in the next section. 

E. Numerical Results 

Simulations were carried out in an 802.11a system with Q 

transmitters and 1 receiver. The performance for the 
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LMMSE, LMMSE by SVD and LMMSE by SWC was 

evaluated by the channel estimation MSE given by Equation 

(4.28) and by the BER. 

Simulations were based on HIPERLAN/2 channels 

A (Wrms = 50 ns), B (Wrms =100 ns) and C (Wrms = 150 

ns), with the total transmit power normalized to unity. In 

Fig. 4.2 and Fig. 4.3, it was assumed that perfect knowledge 

of the SNR and Wrms were available for calculation of Wj 

to enable the performance comparison of the channel 

estimation algorithms under ideal conditions. The MSE 

performance was evaluated by transmitting two long 

OFDM-BPSK pilot symbols 1000 times for each SNR 

value. The pilot symbols were simultaneously sent from Q 

transmit antennas on interleaved subcarriers in the frequency 

domain using the basic pilot symbol structure shown in Fig. 

2.7(a).  

The initial LS channel estimation vector, ˜Pj , was 

obtained by means of Equation (3.2). For each sparse 

approximation, the number of complex multipliers, Ncm, 

was restricted to Ncm <K/Q. The BER performance was 

evaluated for a 2 × 1 Alamouti STC scheme by transmitting 

5,000 packets, each with 18 uncoded OFDM-BPSK data 

symbols . The data symbols were sent on K subcarriers as 

defined by Equation (2.21) from each of Q transmit 

antennas (i.e. KQ BPSK data symbols at a time). The 

duration of the data symbols was 4 μs including the single-

length CP of 0.8 μs (refer to Table 2.1). Two long pilot 

symbols were inserted at the start of every packet (10% pilot 

symbol overhead) using the basic pilot symbol structure for 

Q = 2.  

 
Figure 4.2: MSE performance of the sparse approximations 

at SNR = 20 dB for a different number of complex 

multiplications: (a) in a 2×1 scheme in channels A, B and C; 

(b) in a Q × 1 scheme in channel B. 

This enabled a performance evaluation for the 

LMMSE by SWC using measured r.m.s. delay spread 

values. Similarly, a perfect knowledge of r.m.s delay spread 

of the power delay profile W rms, was available for the 

curves in Fig. 4.4(b) to enable performance comparison for 

the LMMSE by SWC using a measured SNRs. 

 
Fig. 4.3: LMMSE and the sparse approximations for channel 

B: (a) MSE performance 

in a 2 × 1 scheme; (b) BER performance in a 2 × 1 

Alamouti scheme for BPSK. 

The number of complex multipliers, Ncm, was set 

to a fixed value 12. The r.m.s. delay spread of the power 

delay profile, Wrms, was measured using Equation (3.19). 

The SNR was measured using Equation (3.8). Similar to the 

conclusions drawn in Chapter 5, the measurement of the rms 

and SNR is sufficiently accurate (especially at high SNRs). 

On the other hand, when introducing mismatch for both 

SNR and rms the MSE performance of the estimator can 

degrade. A tolerable mismatch between the actual and 

expected parameters depends on the channel, the OFDM 

system itself and the channel estimation MSE performance 

requirement. For example, for a 2×1 802.11a operating in 

channel B, the SNR and Wrms mismatch can go as high as ± 

5 dB, when the performance loss remains within 3 dB of the 

LMMSE by SWC under ideal condition. These are shown in 

Fig. 4.4(a) and Fig. 4.4(b) respectively. It should be noted 

that it is better to overestimate 

 
Fig. 4.4: Real time LMMSE by SWC for a 2 × 1 802.11a in 

channel B. 

the SNR value than underestimate. Also, the 

’Wrms = −5 dB’ curve in Fig. 4.4(a) gives better MSE 

performance compared to the ’Measured Wr’ curve at high 

SNRs.  

IV. CONCLUSIONS 

In this project, a deep and thorough study was carried out, 

based on the mathematical analysis and simulations in 

MATLAB, to find new and efficient channel estimation 
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methods for MISO OFDM systems. As a result, three novel 

LMMSE based channel estimation algorithms were 

evaluated: real time LMMSE, LMMSE by SWC and low 

complexity LMMSE with power delay profile 

approximation as uniform. To further enhance the estimator 

performance, pilot symbol structures were investigated for a 

packet type MISO OFDM and methods for statistical 

parameter estimation in real time were also presented. 

LMMSE complexity imposes a practical solution to 

pre calculated a fixed weighting matrix in advance, based on 

the expected SNR and r.m.s. delay spread values (in 

channels with an exponentially decaying power delay 

profile) LUTs. The estimation accuracy depends on the 

number of LUTs used in the LMMSE processor. Based on 

an indoor HIPERLAN/2 channel environment, three LUTs 

are found to be sufficient for achieving adequate estimation 

accuracy in MISO OFDM WLANs. The LMMSE channel 

estimation for OFDM systems requires a large number of 

complex multiplications. A well-known technique for 

reducing the computational complexity of the full LMMSE 

processor is a low rank approximation of the LMMSE fixed 

weighting matrix by SVD. In this thesis, the LMMSE by 

SVD was studied in various indoor multipath channel 

environments and it was observed that in channels with 

large delay spreads, the estimator rank needs to be 

sufficiently large to eliminate the MSE error floor up to a 

given SNR, still requiring a large number of processing 

operations. Based on these observations, an alternative 

sparse approximation technique, namely LMMSE by SWC, 

was evaluated. This was accomplished by applying the SWC 

technique to the LMMSE fixed weighting matrix. The 

LMMSE by SWC can reduce the computational complexity 

of the full LMMSE processor by more than 50% and it 

outperforms the LMMSE by SVD over a wide range of 

channel delay spreads and SNRs. Both approximation 

techniques, LMMSE by SVD and LMMSE by SWC, 

produce an irreducible error floor at high SNRs. To 

overcome this limitation, a low complexity LMMSE 

channel estimation algorithm was developed in MISO 

OFDM. The low complexity algorithm reduces the LMMSE 

complex fixed weighting matrix to all real values. This was 

accomplished by approximating the power delay profile, 

generally exponential in wireless channels, as uniform 

followed by positioning the CIR symmetrically around the 

time origin using a cyclic shift. Furthermore, temporal and 

frequency domain channel estimation methods were 

analyzed in the thesis for OFDM-based WLANs in an 

indoor channel environment. It was shown that the temporal 

approach performs worse than the frequency domain 

approach, mainly because of two limiting factors. These are 

the leakage problem in non-sample spaced channels, which 

causes energy loss with the CIR windowing, and null-guard 

tones, often used in WLANs, which can lead to an accuracy 

loss in the CIR measurement when DFT processing is 

involved. The frequency domain approach is inherently 

robust to these two effects, as the filtering of the initial 

channel estimation is solely performed in the frequency 

domain and the estimator operates on the subcarriers that are 

actually used in an OFDM system.  

The combination of the real time LMMSE, low 

complexity LMMSE with a power delay profile 

approximated as uniform and SWC technique can 

significantly reduce the computational complexity of the full 

LMMSE processor (by more than 75% in a 2 × 1 diversity 

scheme). Despite this, the loss of accuracy remains within 1 

– 2 dB over a wide range of channel delay spreads and 

SNRs. 
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