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Abstract—In most Multiple-Input Multiple-Output Orthogo-
nal Frequency Division Multiplexing (MIMO-OFDM) systems,
channel estimation is required for equalization and symbol de-
tection. It often exploits the specified pilot symbols consuming
not only a large part of the throughput but also significant
power resources. This paper quantifies the theoretical maxi-
mum power reduction of the transmitted pilots when semi-
blind channel estimator is deployed while ensuring the same
pilot-based channel estimation performance for BPSK/QPSK
data models and a block-type pilot arrangement as specified in
the IEEE 802.11n standard. A Least Square Decision Feedback
(LS-DF) semi-blind channel estimator is then considered show-
ing that a reduction of 76% of the pilot’s power is obtained
compared to the LS pilot-based estimator for the same channel
estimation performance.

1. Introduction

Channel estimation is of paramount importance to equal-
ization and symbol detection problems in most wireless
communications systems. Many approaches have been de-
veloped and can be classified into two main categories.

The first one concerns blind channel estimation methods
which have been extensively studied and are based on the
statistical properties of the transmitted symbols (e.g. [1]).

The second one, adopted in most communications stan-
dards [2], relies on the insertion of pilots in the physical
packet according to a given arrangement type (block, comb
or lattice) [3], [4]. However these pilots consume not only a
large part of throughput but also significant power resources.
This becomes even more important for future communi-
cations systems such as massive-MIMO systems. Indeed
the explosive growth of high data rate applications where
the corresponding energy consumption is also growing at a
staggering rate has urged for an intensive research work on
green communications to protect our environment and cope
with global warming [5]. In [6], the throughput problem
has been investigated for Single-Input Multiple-Output Or-
thogonal Frequency Division Multiplexing (SIMO-OFDM)
systems. In [7], authors present the state-of-the-art of the
green communications methods. Antenna selection using
beamforming algorithm is proposed in [8].
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This paper suggests an unusual approach to reduce the
consumed power making the most of the advantages of
semi-blind channel estimation approaches. The underlying
idea consists of removing pilot samples which are replaced
by zero-samples while ensuring the same performance as
pilot-based channel estimation approaches. The maximal
reduction of the theoretical transmitted pilot’s power is
first addressed when semi-blind approaches are deployed
instead of pilot-based approaches for the same estimation
performance. To do so, the theoretical limit channel esti-
mation performance, based on the analytical Cramér Rao
Bound (CRB), is considered. The real gain in terms of
pilot’s power reduction at the transmitter is then evaluated
when Least Square Decision Feedback (LS-DF) semi-blind
channel estimator is used. In addition, the overconsumption
at the receiver is evaluated and discussed.

This paper is organized as follows. Section 2 presents the
considered MIMO-OFDM wireless system model. Section 3
introduces the analytical expressions of the CRB for semi-
blind channel estimation for BPSK/QPSK data models and
when block-type pilot arrangement is considered. The LS-
DF semi-blind channel estimator and its computational cost
are developed in section 4.1. Simulation results are discussed
in section 5. Finally, section 6 concludes the paper.

2. MIMO-OFDM wireless system

This section presents the MIMO-OFDM wireless sys-
tem. It is composed of N, transmit antennas and N, receive
antennas. The transmitted signal is assumed to be an OFDM
one, composed of K samples (sub-carriers) and L Cyclic
Prefix (CP) samples. The CP length is assumed to be greater
or equal to the maximum multipath channel delay denoted
N (i.e. N < L). After removing the CP and taking the
K-point FFT, the received signal, denoted y, is given by:

Ny
y=> Aixi+v, (1)
i=1
where x; is the transmitted OFDM symbol by the i-th
. T T T . . .
transmitter, and y = [yl Sy Nr] is the received signal by

. . T.
the N, receiver. The noise v = [v{ --- v} | is assumed to
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be additive independent white Circular Complex Gaussian
(CCG) satisfying E {v(k)v(i)H} = 0200 ()H being
the Hermitian operator; 0‘2, the noise variance; I the iden-

tity matrix of size K x K and Jy; the Dirac operator. The
matrices A; are given by:

Ai = [Aul e Ai’NT]T Where Ai,r = dmg {Whl’r} s
2

where W is a matrix containing the N first columns of F,
which represents the K -point Fourier transform matrix. The
N x 1 vector, representing propagation channel taps between
the i-th transmit antenna and the r-th receive antenna, is
denoted by h, ;.
Equation (1) can be rewritten in a matrix form:
y =Ax+v, 3)
T
where A =[Ay---Ap,],and x = [x] ---xL |7,
For convenience equation (3) is rewritten as:

y=Xh+v, %)

The global channel progagation vector of size N, NN X
Lis h = [b7---h% ], where b, = [bf,---h% "
Xp, = diag{x;} is a diagonal matrix of size K x K;
X = [Xp,W---Xp, W] of size K x NN,.

Where X = Iy ®X is a matrix of size N, K x NN;N,.
and ® refers to the Kronecker product.

In the sequel, to take into account the time index (ig-
nored in equations (1), (3) and (4)), we will refer to the ¢-th
OFDM symbol by y(t) instead of y.

3. CRB for semi-blind channel estimation

This section introduces the CRB expressions for semi-
blind channel estimation. Thanks to CRB, the theoretical
limit power reduction of the transmitted pilots will be
deduced and discussed in section 5. A block-type pilot
arrangement and two data signal models (i.i.d. BPSK/QPSK
signals) are considered. Data and noise are assumed to be
independent. Moreover the mobile stations are assumed to
be perfectly synchronized.

First consider pilot-based channel estimation approach.
Denote J’ég the Fisher Information Matrix (FIM) where
©® is the unknown parameter vector containing the channel
vector i.e. ® = h” to be estimated. The FIM J§,¢ is given
by (see [6]):

X

X P
Too =13 5)

The CRB for the mean squares estimation error (MSE) of
vector h, denoted CRBpp, is then deduced as follows:

- - —1
CRBop = o2tr { (Xf xp) } : 6)

~ - T
where X, = [X(1)T . X(NF)T} with N, pilot OFDM
symbols.
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For semi-blind channel estimation approach, the FIM is
divided into pilot part (i.e. J’ée) and data part (i.e. J‘é@):

Joo = Jge + Jbo- ©)

For BPSK/QPSK data models, the CRB computation

in a MIMO-OFDM system, is prohibitive [9]. In [10],

we proposed a realistic approximation to bypass the high

complexity of the exact BPSK/QPSK FIM computation. In

(N x N,) MIMO-OFDM system, the likelihood function is
given as a mixture of Q~* Gaussian pdfs:

QM

_ 1 1 Iy —Awxd|* /2

Q) = —e

p(y(k)a ) QNt q; (7TO"2,)NT ;
)

where () = 2 and the entries of x; belong to +1

(respectively Q = 4 and the entries of x; belong to

+v/2/2 +iv/2/2) for BPSK (respectively QPSK) modula-
tion. y ) = [y1,k - ~mek]T represents the received signal
at the k-th sub-carrier and Ay is the k-th component of
the FFT of h given as: Ay = fA(k),h e ,A(k)’Nt] where
Ak, = diag {(Wh; 1), .-+, (Wh; n,), }.

The total FIM is expressed as follows:

K
Jbe =Na) _ Jbe(k), ©)
k=1

where N; is the number of data OFDM symbols. The FIM
at the k-th sub-carrier J& g (k) is provided in [10]:

QN
1 Z 8A(k)xq H aA(k)Xq (10)
o2QN: 00+ 00+ )

q=1

Joo(k) =

4. LS-DF semi-blind channel estimation algo-
rithm

In the sequel, we will use the derived semi-blind CRB
to evaluate the maximum shortening of the pilot sequence
that can be afforded without affecting the channel estimaion
quality. This will be used to compute the power saving due
to this shortening at the transmitter side. For comparison
fairness, we need to evaluate to power consumption increase
at the receiver side due to the use of a more elaborate semi-
blind estimation algorithm. For this reason, we introduce
in this section a semi-blind estimation method that has the
advantages of simplicity and effectiveness (i.e. it reaches the
CRB for moderate and high SNRs).

4.1. Main steps of the LS-DF algorithm

The LS-DF channel estimation algorithm is considered
as a LS estimator which incorporates the feedback equalizer.
Traditionally the LS-DF algorithm re-injects the estimated
signal as a feedback to the equalizer stage to enhance the
estimation performance of the transmitted data. This process
is iterated several times.

Instead of using the LS-DF algorithm in its original
version, this paper exploits this algorithm as a semi-blind
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channel estimator since the estimated data at the previous
stage are now considered as “pilots” when the algorithm
re-estimates the channel taps according to the LS channel
estimation as illustrated in Figure 1.

According to the system model represented by equa-
tion (4), the conventional LS pilot-based channel estimation
is expressed by (for more details see [4]):

ho, = (Xff’(p)_lify. (11)

The LS channel estimation performance is widely dis-
cussed in literature. It has been shown that the mean squares
error (MSE) of this estimator reaches the C RBop. There-
fore the M SEpp is given by:

- - —1
MSEop = otr { (Xfxp) } . (12)

Moreover when the training sequences x,, are orthogonal,
(5(5[ f(,,) is equal to 021y n,n, and the MSE is minimal.

After estimating the channel (i.e. flop), the Zero-Forcing

l *r i .
X
y LS P .| Equalization + d >
Channel Estimation i Decision

LS hsb —Xd’
Channel Estimation

. Equalization +
> S
Decision

Figure 1. LS-DFE semi-blind channel estimation approach.

(ZF) equalizer is adopted to estimate the transmitted signal.
It refers to a form of linear equalization algorithm often
used in communications systems. It applies the inverse of
the channel frequency response A# to the received signal
where # denotes the pseudo ipverse matrix, and A is the
channel frequency response of h,,, calculated as in section 2.
The equalized signal, denoted x, is then deduced:

Xyf = A#y = A#*Ax+v. (13)

After that, a hard decision is taken on the equalized sig-
nal to estimate the transmitted signal X. The new training
sequences become:

xp = [x," %17 (14)

BAased on equation (11), the channel taps are then estimated
(hgp in Figure 1). The ZF equalizer, given by equation (13),
estimates the signal x,; on which a hard decision is taken
to estimate the transmitted data Xq.

4.2. Computational cost comparison of LS and LS-
DF algorithms

This section compares the computational cost of the
LS-DF semi-blind channel estimator to the LS pilot-based
channel estimation. The computational cost is evaluated in
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terms of real number of flops (i.e. number of multiplications
plus number of additions).

At the receiver, the number of flops consumed by LS
pilot-based channel estimation algorithm is deduced from
equation (11) where X, and y are of size N, N, K x N; N, N
and N, N, K x 1 respectively. The details of the number of
flops required to estimate ﬁop are listed in Table 1.

At the receiver, the flops consumed by the LS-DF algo-
rithm is equal to the flops due to the equalizer/decision stage
added to the flops required to estimate hg;, and h,,, (see Ta-
ble 1). Note that the flops required for the equalizer/decision
stage can be easily compensated by the reduction of the flops
due to the removed pilots from the initial training sequence,
this will be discussed in simulation results (90% samples
of the initial training sequence are removed). Therefore the
LS-DF semi-blind channel estimator consumes A g,,,s more
flops than the LS pilot-based channel estimator:

Aflops = 2(]\7151\[7’]\7)d + 4(NtNTN)2 (NdNTK)

+ (NyN,N) (NgN,K) — (N;N,N)*> — (N;N,.N) s

In [11], the authors investigate the relationship between
the flops number and the corresponding consumed power
denoted Flops per Watt (Flops/Wait). It is then possi-
ble to measure the equivalent consumed power in Watts.
Depending on the functional characteristics of the pro-
cessor, the consumed power per Watt is between 5 and
100 GFlops/Watt. If P is the consumed power, given in
GFlops/Watt, the consumed power associated t0 A pyops
can be deduced as follows:

A .
Apower = f]l;""“ 10~% mWatt (16)
Operation Number of flops
XX, 2(N;N,N)>N, N, K — (NN, N)?
(5({35(,,) 2(N: N, N)3

2(N¢N,N)2N,N, K — (N;N,N) N,N, K

2(NtNyN) NpN. K — (Nt N»N)
2(Ny N, N)* + 4(N;N,.N)’N,N, K

hop + (N¢N,N) NyN, K — (N;N,N)?
— (N;N,N)

- 4(N¢N,N)* ((Np + Ng) N K) +

hy, (NN N) ((Np + Na) Nr K) +

2(N¢N,N)> — (NN, N)? — (NtN,.N)
2N: N, NgK? + 2(N, K)?N¢ K +
2(N¢K)? — (N K)?
—N;N, K2 — N;N4K

TABLE 1. FLOPS NUMBER.

Flopsgq

5. Performance analysis and discussions

This section analyzes and quantifies the transmitted
power that can be reduced when semi-blind channel esti-
mation approach is deployed while maintaining the same
performance as LS pilot-based channel estimation approach.

The considered MIMO-OFDM wireless system is related
to the IEEE 802.11n standard [2]. The training sequences
correspond to those specified by the standard. In the legay
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preamble (i.e. 802.11a) two identical fields named LTF
(Long Training Field) are dedicated to channel estimation.
Each field (or pilot) is represented by one OFDM sym-
bol (K = 64 samples) where a CP (L = 16 samples)
is added at its front. In the High Throughput preamble,
a set of identical fields named High Throughput Long
Training fields (HT-LTF) are specified and represented by
one OFDM symbol (K = 64 samples) with a CP (16
samples). These fields (or pilots) are specified to MIMO
channel estimation. Their number depends on the number
of transmit antennas (/V;). Since in this paper N; = 3, four
(NJT-ETE — 4) HT-LTF pilot OFDM symbols are used
(see [2] for details). Therefore the training sequence length
is equal to N, = NJTF 4 NHT-LTE The data field is
represented by a set of OFDM symbols depending on the
length of the transmitted packet (V). Simulation parameters
are summarized in Table 2.

The Signal to Noise Ratio associated with pilots at the

reception is defined as SNR, = % The signal to
noise ratio SN Ry associated with data is given (in dB) by:
SNRy = SNR, — (Px, — Pxq) where Pz, (respectively

Px,) is the power of pilots (respectively data) (both in dB).

5.1. Theoretical limit pilot’s power reduction

This section analyzes the maximum pilot’s power reduc-
tion evaluated from the theoretical limit bound performance
of the semi-blind channel estimation approach.

The transmitted pilot’s power is reduced in such a way
that semi-blind approach achieves the same performance
as pilot-based channel estimation approach (i.e. CRBop).
To do so, the proposed strategy replaces the removed pilot
samples by zero-samples leading therefore to a reduction of
the average pilot’s transmitted power(or equivalently to the
transmitted energy).

Figure 2 provides the CRB for semi-blind channel
estimation versus the reduced pilot’s power for a given
SNR, = 12 dB. The horizontal line represents the CRB
for pilot-based channel estimation and is considered as the
reference to be reached. Only 8% of pilot’s power is retained
(i.e. 185 mW are reduced). These results show clearly that
semi-blind estimation in MIMO-OFDM system brings a
significant gain in terms of the transmitted pilot’s energy
reduction.

Figure 3 shows the impact of the number of data OFDM
symbols on the pilot’s transmitted power (in percentage)
for a given SNR, = 12 dB. When the number of data
OFDM symbols increases, the percentage of the reduced
pilot’s power becomes more significant. Note that the results
observed in Figure 2 can be deduced from Figure 3 when
the number of data OFDM symbols is equal to 40.

5.2. LS-DF performance in terms of power con-
sumption

This section investigates the energy balance of the com-
plete system (transmitter and receiver), namely the power
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deployed by the transmitter and that consumed by the re-
ceiver when the LS-DF algorithm is adopted.

The curves in Figure 4 present the Normalized Root
Mean square Error (NRMSE) of LS and LS-DF estimators
versus the SN R,,. Note that for the hZ55%, h¥F5" Ls-
DF reaches the C RBEFSK, C’Rng 5K at height SNR, and
gives better results compared to the LS pilot-based approach
(hop) from SNR, = 2 dB.

Parameters Specifications
Channel model Cost 207
Number of transmit antennas Ny =3
Number of receive antennas Ny =4
Channel length N =4
Number of LTF pilot OFDM symbols NPLTF =2
Number of HT-LTF pilot OFDM symbols | NJ7-FTF =4
Number of data OFDM symbols Ng =40
Pilot signal power z, = 23 dBm
Data signal power Pyr, =20 dBm
Number of sub-carriers K =64
Consumed power (GFlops/W att) P=5

TABLE 2. SIMULATION PARAMETERS.

Figure 5 presents the transmitted pilot’s power versus
the SN R,,. The higher the SINR,, is, the lower transmitted
pilot’s power is in favor of the LS-DF semi-blind estimator.

Figure 6 provides the NRMSE of the LS-DF estimator
versus the reduced pilot’s power (in percentage) for a given
SNR, = 12 dB (with N; = 40). The pilot’s power is
reduced in such a way that the LS-DF estimator performance
(hEESK, hgg 5K reaches the same performance as the LS
pilot-based estimator. For BPSK data model, only 49 mW
is required instead of 200 mW (100%) when pilot-based
channel estimation is used (i.e. a reduction of 76%). For
QPSK data model, 74% of the pilot’s power is also reduced.
Although the LS-DF algorithm leads to an overconsumption
of the energy at the receiver side since more operations are
required (see equation (15), Ajfips = 94863360 Flops,
equivalent t0 Apyyper = 19 mW), the complete system
(i.e. transmitter and receiver) saves 66% (i.e. 132 mW). The
flops due to the equalization stage, assumed to compensate
the flops associated to the removed pilots (assumption in
section 4.2), are equivalent to Flops., = 3233792 Flops.
While 2924976 Flops are due to the removed pilots. The
flops difference is 308816 Flops and is in fact negligible
(308816 << Ajops equivalent to 0.061 mW) confirming
the assumption. Therefore the global MIMO-OFDM system
(i.e. transmitter and receiver) saves 65,97% i.e. 131.94 mW
of power consumption.

6. Conclusion

This paper focused on the power reduction problem in a
MIMO-OFDM wireless system specifically during the chan-
nel estimation stage. The paper proposed to deploy semi-
blind channel estimation approach allowing the transmitter
to reduce the number of samples in the training sequence
while ensuring the same estimation performance as pilot-
based channel estimation approach. The maximum theoret-
ical reduction of the pilot’s power consumption, based on
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the CRB for semi-blind channel estimation approach, is first
investigated for the IEEE 802.11n MIMO-OFDM system
with BPSK and QPSK data models. Simulation results,
for the same channel estimation performance, show clearly
a significant reduction of the pilot’s power equivalent to
76% when LS-DF semi-blind channel estimation is deployed
instead of the LS pilot-based channel estimation. A global
power reduction of 65,97% is possible for the complete
wireless MIMO-OFDM system.
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Figure 2. Normalized CRB versus the reduced power (SN R, = 12 dB).
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Figure 3. Percentage of the transmitted pilot’s power versus the number of
data OFDM symbols N4 (SNR, = 12 dB).
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Figure 4. NRMSE of LS and LS-DF estimators versus SN R.
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