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Abstract—Compressed sensing (CS) is one of the hottest
research topics in the sparse signal reconstruction problem. But
CS implementation has a drawback of high computational com-
plexity due to calculation between large size of matrices. In
this paper, we will propose a low-complexity CS hardware real-
ization for channel estimation in the integrated services digital
broadcasting-terrestrial (ISDB-T) system using several optimiza-
tion methods to reduce the implementation complexity of CS
usage. Since the ISDB-T is based on orthogonal frequency divi-
sion and multiplexing system, the measurement matrix of CS
computation is a truncated discrete Fourier transform (DFT)
matrix. We can exploit the symmetrical property of this DFT
matrix to significantly reduce its multiplication complexity and
random access memory usage. To achieve fast reconstruction
period, this paper also provides a hardware architecture for
the proposed method and its realization in field programmable
gate array. The simulation results show that the proposed meth-
ods can achieve lower complexity CS-based channel estimation
with almost the identical system performance with the conven-
tional method. Moreover, the realized hardware can achieve
the fastest execution time compare to that of other existing
methods.

Index Terms—Channel estimation, compressed sensing,
ISDB-T, orthogonal matching pursuit, FPGA implementation.

I. INTRODUCTION

MULTIPATH channel [1] will significantly reduce the
transmission performance of the integrated services

digital broadcasting-terrestrial (ISDB-T) system [2], [3]. The
received signal will suffer from inter-symbol interference (ISI)
due to multipath fading of wireless channel. To reduce its
impact, the receiver can utilize an equalization process to
remove the multipath effect. As the input for the equalizer,
channel state information (CSI) from the channel estimation
becomes one of the important aspects that determine the equal-
ization quality. Usually, the channel estimation utilizes pilot
interpolation method to estimate the CSI [4]–[6]. But, errors
in interpolation method are inevitable and it requires a large
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number of pilot tones, so that it also will reduce the overall
system bandwidth efficiency.

Recently, compressed sensing (CS) has became a new
prominent technique in channel estimation [7]–[10].
Compressed sensing is a new data acquisition technique
that enables the reconstruction of a sparse signal with sub-
Nyquist samples [11], [12]. The implementation of CS based
channel estimation in the next generation ISDB-T system [13]
is offering better accuracy and less pilot utilization. The core
of CS algorithms is to find the locations of the non-zero
elements in sparse signal. There are two main groups of
compressed sensing approach, basis pursuit and greedy
pursuit [14]. Basis pursuit algorithms acquire Lp-norm to
find all the locations of the non-zero element at once. While,
greedy pursuit algorithms use the iterative method to get
the locations. In most cases, the greedy pursuit will have
some performance degradation compared to that of basis
pursuit. However, it offers a lower cost of computation.
The major greedy algorithms are matching pursuit (MP)
and orthogonal matching pursuit (OMP). MP has the least
complexity among all the CS algorithms, but it requires a
high number of iterations in its process [15]. OMP reduces
MPs high iterations number by acquiring least-squares
in every step of its iteration, thus, it can avoid choosing
the same location of non-zero element twice [16]. OMP
is preferable in real-time application because it provides
a short execution time. However, the implementation of
OMP algorithm still requires a heavy cost of computation
for its measurement matrix multiplication and least-squares
computation.

There were only a few schemes for OMP hardware realiza-
tion. Several proposals focused on reducing the least-squares
complexity using modified Grahm-Schmidt [17], [18] and
Cholesky decomposition [19], [20]. Since most of the real-
izations are based on real number, some methods such as
Cholesky decomposition are not applicable for complex num-
ber problems. Moreover more than 80% of the OMP com-
putation lies on the measurement matrix multiplication as
mentioned in [17]. The implementation of OMP algorithm in a
specific application can utilize several optimizations to reduce
its complexity. Recently [21] has proposed an OMP hard-
ware realization for radar application with an improvement
in inner product computation by utilizing a zero padding FFT.
However, for the application where the measurement matrix is
truncated in both column and row directions, the inner product
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using FFT method may not yield to the best reduction for its
cost of computation.

In this paper, we show our results for OMP applica-
tion as channel estimation in ISDB-T system. Since ISDB-T
modulation is based on orthogonal frequency division and
multiplexing (OFDM), the transceiver will acquire the dis-
crete Fourier transform (DFT) and its inverse DFT (IDFT)
for demodulation and modulation process. Channel estima-
tion will fetch the pilot tones in the frequency domain after
the DFT process. As the OMP computation will reconstruct
the sparse CSI in the time domain, the relation between the
measured pilot with the time domain CSI can be represented
by a truncated DFT in the pilot position as the measurement
matrix [7].

A. Contribution of This Paper

In this paper, we propose both algorithm improvements and
hardware realization for the CS based channel estimation in
the ISDB-T system. The contributions of this paper is briefly
described as follows
• We exploit the periodicity and symmetry property which

the measurement matrix inherits from DFT matrix to
achieve lower complexity in the measurement matrix
inner product computation.

• We optimize the random access memory (RAM) usage in
the CS computation. Our proposal can avoid to save the
whole measurement matrix into memory which reduces
the requirement of huge memory.

• We propose a hardware architecture and its realization
in field programmable gate array (FPGA). Moreover we
compare the proposed hardware realization to the existing
methods to show the efficiency of our proposal.

This paper is organized as follows. Section II explains the
conventional method for channel estimation in the ISDB-T
system and the basic of the CS and OMP algorithms.
Section III describes our proposed method for the complexity
reduction. Sections IV and V show the simulation results for
the proposed method and give the detail of the proposed hard-
ware architecture and its implementation results. Section VI
gives the conclusions of this paper.

B. Notation

In this paper, we use bold letter for vectors and matri-
ces. Bold lower case is for signals or matrices in the time
domain and bold capital case for signals or matrices in the
frequency domain. Inner product multiplication is denoted by
〈, 〉. We also use (.)H to denote Hermitian transform of a
matrix, notation (.)∗ is the conjugate of a parameter and nota-
tion diag(.) defines a diagonal matrix. We use notation | . |
to denote the absolute value of a scalar and notation � . � for
the floor operation. The set of complex number is denoted by
notation C.

II. BACKGROUND

A. Compressed Sensing

The main purpose of the Compressed Sensing (CS)
algorithm is to allow a signal reconstruction with the

Algorithm 1 OMP Algorithm
1: init:
2: r← b;�0 ← [ ]
3: loop:
4: g← 〈�H, r〉
5: α← arg max

i=1...M
|gi|

6: augment:
7: �t ← �t−1|�H

α

8: least square:
9: a← arg mina||r−�ta||2

10: update:
11: r← b−�ta
12: if the stopping criterion of r is not met goto loop.

sub-Nyquist samples. Hence, its sampling process can be
described as an under-determined linear system as

b = �a+ w, (1)

where � ∈ C
N×M is the measurement matrix, a ∈ C

M×1 is the
reconstructed signal, b ∈ C

N×1 is the sampled signal, N is the
number of samples and N < M. However, if signal a is sparse,
we can neglect the columns in matrix � that correspond to
the zero elements. Consequently, the overall system in Eq. (1)
can be a determined linear system.

As proposed by Donoho [11], the CS algorithm can utilize
the inner product of a matrix that has a restricted isometric
property (RIP) to locate the non-zero element location α in
the sparse signal a as

α = arg max
i=1...M

|〈�H
i ,b〉|, (2)

where �H
i is the i-th row in the matrix �H . The RIP matrix

multiplication holds a special property where the location of
its maximum result α will also be the location of one of the
non-zero elements in signal a.

In this paper we apply CS algorithm for wireless channel
estimator. Since wireless communication system is a real-time
application that requires strict execution time for its processes,
greedy pursuit based CS algorithm is a good practical approach
to met fast reconstruction time with acceptable hardware com-
plexity. In this paper we use orthogonal matching pursuit
(OMP) which is one of the prominent greedy pursuit based
CS algorithms that offer small iteration number and good
reconstruction performance [16].

Algorithm 1 shows the detail of the OMP computation.
After the initialization step, every iteration will require inner
product computation. The measurement matrix inner product
as in Eq. (2) is the requirement for every CS algorithm to
get the locations of the non-zero elements. The � matrix will
hold the columns from � that correspond to the sparse loca-
tions. Next, OMP uses least-squares to get the approximate
solution for the current set of non-zero element locations. To
evaluate this current solution, a residue is computed as in the
step 11 of Algorithm 1. The residue is the subtraction of the
sampled signal b with the current solution contribution (�ta).
If the residue value satisfies the stopping criterion, the current
approximate solution can become the final output. In contrast,
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Algorithm 2 Givens Rotations Algorithm

1: input: A ∈ C
d×d

2: The givens algorithm create QHA = R
3: loop:
4: for i=1; i≤d; i++;
5: for j=d; j≥i; j- -;
6: Vejθa = A( j− 1, i)
7: Zejθb = A( j, i)
8: θ1 = tan−1(V/Z)
9: Atmp = A( j− 1 : j, i : d)

10: Atmp =
[

cosθ1e−jθa sinθ−jθb
1

−sinθ−jθa
1 cosθ−jθb

1

]
Atmp

11: A( j− 1 : j, i : d) = Atmp

12: end for
13: end for

If the stopping criterion cannot be met, OMP will require an
additional iteration. This residue will be the input for the next
inner product multiplication. Since the current solution contri-
bution has been removed from the residue, the maximum inner
product result will always be calculated for the new location.

However, compared to the interpolation method, the imple-
mentation of OMP will still raise the hardware’s resources.
There are two main operations in OMP that require a high
computational complexity, the inner product multiplication in
step 4 and the least-squares in step 9 of Algorithm 1. Since the
�H matrix has M × N dimension, its multiplication will also
require at least M × N number of complex multipliers. In the
ISDB-T system case, this multipliers requirement will become
very high that make it hard to be realized in a mobile system.
The practical approach is to compute the matrix multiplication
iteratively row by row as proposed in [17] and [20]. However,
the iterative method has a drawback of long hardware cycle
period.

The most common way to solve the least-squares problem
is using the matrix inversion. Furthermore, the combination
of the QR decomposition and the backward substitution can
provide a less complex solution for the matrix inversion. In
this paper we use givens rotations for the QR decomposi-
tion method which is shown in Algorithm 2. This algorithm
decomposes A matrix into upper triangular matrix R using
a series of rotation matrix multiplications. Every iteration of
this algorithm will change the element A( j, i) to be zero. The
step 5 to step 8 are to define the phase difference between
the element A( j, i) and its lower row element A( j − 1, i).
An rotation matrix which this phase difference is multiplied
to the whole elements in row j and ( j − 1). In this algo-
ritm we use a temporary matrix Atmp to address all the non
zero elements in these j-th and ( j − 1)-th rows. The whole
processes are repeated for every pair of elements in lower
diagonal parts until matrix A becomes triangular. Then, the
inversion of this triangular matrix can utilizes backward sub-
stitution easily. This algorithm has an advantage in hardware
implementation because the series of rotation matrix multi-
plications can be realized with a systolic array of coordinate
rotation digital computer (CORDIC) [22].

B. Integrated Services Digital Broadcasting-Terrestrial
System

Integrated services digital broadcasting-terrestrial (ISDB-T)
system is a Japan’s standard for digital broadcasting that
provides many services includes high definition and mobile
television, digital radio and notification for disasters. ISDB-T
system uses OFDM for its core modulation technique. OFDM
has two main features, high spectrum efficiency and robust-
ness to inter-symbol interference (ISI). The high spectrum
efficiency can be gained because each subcarrier is orthog-
onal to each others, so that the adjacent subcarriers can have
a smaller spacing without interferences. While the robust-
ness to ISI can be obtained with the utilization of a cyclic
prefix (CP).

Fig. 1 shows the structure of ISDB-T block diagram used
in this paper. To create the transmission signal, first the map-
per maps the bit stream into multilevel quadrature amplitude
modulation (QAM) symbols. The pilots are then inserted in
the data sequence in every 12 subcarriers. Next, the IDFT
processor will create an OFDM symbol by transforming the
data sequence into the time domain. To prevent ISI, the CP
is inserted in the OFDM symbol by copying certain part of
the symbols rear to its front. Then, the transmit signal will
be sent over a multipath channel. The time domain structure
of the multipath channel can be modeled as a Toeplitz matrix
h ∈ C

(S+L−1)×S as

h =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

h0 0
... h0

hL−1
...

. . .

hL−1
... h0
. . .

...

0 hL−1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (3)

where L is the number of CP and S is the number of OFDM
sub-carriers. Here, we assume channel has L paths which
includes many zero elements for easy analysis.

As the receiver removes the CP from the received signal,
the equivalent channel heq ∈ C

S×S can be treated as a cir-
culant Toeplitz matrix. The matrix heq has an advantage that
its frequency domain form H is a diagonal matrix. Let H is
defined as

H = FheqFH, (4)

where F ∈ C
S×S is the DFT matrix, and its hermitian FH ∈

C
S×S is the IDFT matrix. The structure of matrix H ∈ C

S×S

is represented as

H =

⎡
⎢⎢⎢⎣

H0 0
H1

. . .

0 HS−1

⎤
⎥⎥⎥⎦, (5)

where Hi is the frequency domain CSI for i-th subcarrier.
Accordingly the received signal can be described as

Y = HX+W, (6)
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Fig. 1. Block diagram of minimum ISDB-T system.

where W is the receiver’s noise w in the frequency domain.
Thus, to equalize X from Y, it only requires a simple diagonal
H matrix inversion.

To get the frequency domain CSI, the receiver needs to
separate the pilot tones from the demodulated signal. Then,
by using the known transmitted pilot value, an observation
vector Hob can be calculated as

Hob = Y((i−1)(S/T))

X((i−1)(S/T))
, i = 1, 2, 3 . . . ,T (7)

where T is number of the pilot tones. The observation points
are spreading evenly in the frequency domain CSI. Because
of that, to get the unknown CSI values, receiver can utilize
an interpolation method between two observation points [5].
After the equalization, then the receiver can utilize multilevel
QAM de-mapper to convert the signal into its original bit
stream form.

C. CS Based Channel Estimation in ISDB-T System

The implementation of CS algorithm in ISDB-T channel
estimation can lead to better channel reconstruction qual-
ity and less pilot utilization. To apply the CS algorithm in
ISDB-T channel estimation, we need to redefine the observa-
tion vector in Eq. (7) as an multiplication of a RIP matrix
with a sparse signal as in Eq. (1). Because CSI is sparse
in the time domain [23], the sparse requirement can be met
by changing the frequency domain CSI into time domain
one as

H = diag(Fh[0]), (8)

where h[0] is the time domain CSI impulse response. The
Eq. (7) then can be redefined as

Hob = FPh[0] +W. (9)

where FP ∈ C
N×M is a truncated DFT matrix. The row ele-

ments of FP are from the DFT matrix rows that correspond
to the pilot positions, and N equals to T as number of pilots.
Because the receiver is only able to equalize a signal with
maximum delay spread less than CP, the column elements of
FP can be chosen to be the first M columns of DFT matrix that
correspond to the CP length. Now, Eq. (9) has met all the CS
requirements, as Hob is the sampled vector, h[0] is the sparse
reconstructed signal and FP is the measurement matrix [24].
The CS representation of this OFDM channel estimation is
shown in Fig. 2.

Fig. 2. Compressed sensing representation for OFDM channel estimation
problem.

The CP and pilot configuration will influence the struc-
ture of the measurement matrix FP. CP length will define
the number of column in the FP matrix and the number of
pilot will determine the row length in the FP matrix. The
size of FP matrix is closely related to the complexity in both
inner product and least square operation in the OMP algo-
rithm. Moreover, in term of reconstruction performance, the
structure of the measurement matrix will define the number of
path that the system can reconstruct [25]. For OMP system,
the maximum sparsity number (κmax) is defined as

κmax =
⌊

1

2

(
1

μ(FP)
+ 1

)⌋
, (10)

where μ(A) is the mutual coherence of A ∈ C
N×M matrix

which defined as

μ(A) = max
1�i,j�M,i �=j

∣∣aH
i aj

∣∣
‖ai‖2.

∥∥aj
∥∥

2

. (11)

where ai is the i-th column of A matrix.
The performance of the OMP reconstruction for the channel

estimation is guaranteed when the number of multiple taps in
the channel (κ) is less than or equal to κmax [14].

III. PROPOSED METHODS

A. Multiplier Reduction

The measurement matrix has some unique properties which
inherited from DFT matrix. Let us describe the measurement
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Fig. 3. Measurement matrix decomposition (p = 12).

matrix � as the Hermitian of � matrix represented as

� = �H = FH
P

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ω0 ω0 ω0 · · · ω0

ω0 ωp ω2p · · · ω(N−1)p

ω0 ω2p ω4p · · · ω2(N−1)p

ω0 ω3p ω6p · · · ω3(N−1)p

ω0 ω4p ω8p · · · ω4(N−1)p

...
...

...
...

...

ω0 ωMp ω2Mp · · · ω(M−1)(N−1)p

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (12)

where ω is e−2π j/S from S size DFT and p is the pilot period
which is set as 12 for ISDB-T system. The � matrix elements
are well structured that for the element at a certain k-th row
and l-th column can be obtained as

�(k, l) = ω(pkl). (13)

Since the elements in � are exponent function, any matrix
element can be obtained with multiplication of two others
elements as

�(k1 + k2, l) = �(k1, l)×�(k2, l) = ω(k1pl)ω(k2pl). (14)

We can divide the M×N size � matrix into C sub-matrices ψi

with size of M/C×N (i = 0, . . . ,C−1) in the row direction as

� = [
ψ0 ψ1 ψ2 . . .ψC−1

]T
. (15)

Let us define the first row of i-th sub-matrix as ψi[0] which
can be represented as

ψi[0] = [ψi[0](0), . . . , ψi[0](N − 1)]

=
[
ωp

( iM
C

)×0, . . . , ωp
( iM

C

)
(N−1)

]
. (16)

and its element ψi[0]( j) is ωp( iM
C )×j with j ∈ [0, . . . ,N − 1].

From the Eq. (14), we can get the following relationship
between the i-th sub-matrice (i ∈ [1, . . . ,C − 1]) and first
sub-matrix ψ0 as

ψi = ψ0diag{ψi[0]}. (17)

Such property can be shown as in Fig. 3.

In addition, the element of k-th row of i-th sub-matrix
ψi[k]( j) can be calculated using the element of its first row
ψi[0]( j) and that of the k-th row of first sub-matrix ψ0[k]( j) as

ψi[k]( j) = ψi[0]( j)× ψ0[k]( j) j ∈ [0, . . . ,N − 1]. (18)

Therefore, to compute the inner product computation g =
〈�H, r〉 as in the step 4 of Algorithm 1, we first define a
matrix � which is formed by the first row vectors of all
sub-matrices as

� = [
ψ0[0]ψ1[0]ψ2[0] . . . ψC−1[0]

]T
. (19)

Then, we can calculate C rows in the step 4 of
Algorithm 1 as⎡

⎢⎢⎢⎢⎢⎣

g[k]
g[k+M/C]
g[k+2M/C]

...

g[k+M(C−1))/C]

⎤
⎥⎥⎥⎥⎥⎦ = �diag(ψ0[k])r, (20)

and the whole inner product computation g can be executed
in M/C cycles.

Next, we exploited the periodicity and symmetry property of
the measurement matrix to decompose the � matrix into some
matrices with lower complexity form. The periodicity property
in this matrix can be explained as that some ω elements will
be identical value after the modulo operation with 2π . We can
express the elements in � matrix as

�(k, l) = e
−j

[
mod

(
(2πMpkl)

SC ,2π
)]
, (21)

where mod(a, b) defines the modulo operation of dividend a
and divisor b. Here, the elements phases are in the range of
0 to 2π , because of that, Eq. (21) also can be redefined as

�(k, l) = e
−j2π

(
[mod(Mpkl,SC)]

SC

)
, (22)

which also corresponds to the same element phases in range
0 to 2π . Now, to find the number of different elements at each
k-th row, we can reduce the constant fraction (Mpk)/SC to its
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lowest term using greatest common divisor (GCD). Let dk is
the GCD between (Mpk) and SC as

dk = GCD(Mpk, SC). (23)

Then Eq. (22) can be redefined as

�(k, l) = e
−j2π

(
[mod(Mpkl/dk ,SC/dk)]

SC/dk

)
, (24)

Now, it is easy to see that at k-th row of � matrix, the number
of different elements is SC/dk. The total different elements of
� matrix can be expressed as

UT =
C−1∑
k=1

SC

dk
. (25)

In Eq. (23), variable M is the guard interval length in range
such as 1

4 S, 1
8 S, 1

16 S and 1
32 S. While, the pilot spacing p in an

ISDB-T system is set as 12. Because of that, the GCD result
between Mpk and SC will at least have a value of 4M. In
result, the number of different elements in � matrix will be
smaller than NC.

Since the elements of � matrix can be represented using
complex unit circle and these elements will divide this com-
plex unit circle evenly. Thus, by using only the elements in the
first quadrant of complex unit circle (phase less than π/2), we
can obtain all the different elements located in other quadrants.
Let us define the phase of each element as

θk,l = 2π
[mod(Mpkl/dk, SC/dk)]

SC/dk
, (26)

in term of quadrants, the elements of � matrix can be
defined as

�(k,l) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

�q1(θk,l) = e−jθk,l , 0 < θk,l ≤ π
2

�q2(θk,l) = −j�q1(mod(θk,l,
π
2 ))
, π

2 < θk,l ≤ π
�q3(θk,l) = −�q1(mod(θk,l,

π
2 ))
, π < θk,l ≤ 3π

2

�q4(θk,l) = j�q1(mod(θk,l,
π
2 ))
. 3π

2 < θk,l ≤ 2π

(27)

The multiplications with −1, j and −j are needed to recover
all the elements in other quadrants. Therefore, we only require
the U elements in first quadrant as

U = UT/4. (28)

Then we can utilize the algorithm strength reduction tech-
nique to reduce the complexity in the � matrix inner product.
The aim of the strength reduction technique is to calculate
the � matrix with only the U kind of multipliers to reduce
its complexity. The matrix � can be represented using three
parts as

� = �3�2�1. (29)

First, using the symmetry property of this measurement matrix,
we multiply the input vector elements that correspond to the
coefficients in the quadrant 2, 3 and 4 of the complex plane

with −j,−1 and j respectively. Then, we sum all the ele-
ments that correspond to the same coefficient. This operation
is described using �1 ∈ C

U×N matrix which defined as

�1 =

⎡
⎢⎢⎢⎢⎢⎣

1 1 1 1 1 · · · 1
1 0 −j 0 −1 · · · 0
0 1 0 −j 0 · · · j

...

0 j 0 −1 0 · · · 1

⎤
⎥⎥⎥⎥⎥⎦. (30)

Then we can multiply the output from �1 with the U unique
coefficients, which represented by �2 ∈ C

U×U matrix as

�2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

e
−j2πd1

SC 0 0 0 0

0 e
−j4πd1

SC 0 0 0

0 0 e
−j6πd1

SC 0 0

0 0 0
. . . 0

0 0 0 0 e
−jπ

2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (31)

The diagonal of �2 matrix is filled with U different elements

in � matrix, which values in range of e
−j2πdi

SC to e
−jπ

2 . The
last step is to sum the output from �2 that corresponds to
the same row at the original � matrix. This operation can be
described by the �3 ∈ C

C×U matrix as

�3 =

⎡
⎢⎢⎢⎢⎢⎣

1 1 0 0 0 · · · 0
0 0 1 1 0 · · · 0
0 0 0 0 1 · · · 0

...

0 0 0 0 0 · · · 1

⎤
⎥⎥⎥⎥⎥⎦. (32)

The matrix �1 only consists of 1, −1, j and −j elements,
because of that, the multiplication complexity with this matrix
can be neglected and the �1 matrix complexity lies on the sum-
mation process only. The additional multipliers only exist in
the diagonal matrix �2 which require U complex multipliers.
The �3 is a summation matrix which its elements are just 1
and 0. This matrix can be easily implemented using an adder
tree. Using the proposed method, we only need an additional
U multipliers to compute C− 1 rows at once. Thus, the aver-
age multipliers requirement for one row computation in inner
product operation can be reduced to (U + N)/C, while the
conventional implementation requires N multipliers.

B. Memory Reduction

The memory requirement for OMP implementation is very
huge because we need to save the whole measurement matrix
with the size of N ×M. The implementation in [18] and [20]
stated that it already used 62% and 69% of the FPGA Virtex
6 RAM resource respectively for real number implementation.
Thus it can be estimated that for the complex number imple-
mentation, it will require at least two times memory resource.
However, in the implementation for the ISDB-T system, we
can also exploit the DFT matrix properties to reduce the RAM
requirement. There are three parts in the OMP computations
from Algorithm 1 that require � data, the inner product in the
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step 4, the least squares in the step 9 and the residue compu-
tation in the step 11. Instead of saving the N × M complex
number, here we can reduce it to N +M size.

Since the hardware will compute the inner product com-
putation as Eq. (20) iteratively, we can use the measurement
matrix property in Eq. (14) to compute the diag(ψ0[k])r as

diag(ψ0[k])r = diag(ψ0[1])× diag(ψ0[k − 1])r. k > 0

(33)

Here, using the previous iteration result, for each new iteration,
we only need to multiply the same diag(ψ0[1]) which is the
second row vector from the ψ0 sub-matrix. Using this method,
we only need to store N complex coefficients from the second
row of the ψ0 sub-matrix for the inner product computation.

The least squares and residue operations require the �t

matrix, which formed by the columns of the matrix � that cor-
respond to the sparse locations. Since the number of pilots are
always larger than the channel sparsity, the least squares here
can be categorized as overdetermined linear system problem.
The Moore-Penrose method is the common approach to solve
this overdetermined linear system problem as

a = (�H
t �t)

−1�H
t r. (34)

The matrix (�H
t �t) can be obtained by taking the row

and column of (�H�) matrix that correspond to the sparse
element locations. The (�H�) ∈ C

M×M matrix has a
Hermitian Toeplitz structure as

(�H�) =

⎡
⎢⎢⎢⎢⎣
ρ0 ρ1 . . . ρM−2 ρM−1
ρ∗1 ρ0 ρ1 ρM−2
... ρ∗1

. . .
. . .

...

ρ∗M−2
. . . ρ0 ρ1

⎤
⎥⎥⎥⎥⎦. (35)

Therefore, by only storing the first row M coefficients, we can
obtain all the matrix elements.

Furthermore, the same (�H�) matrix can also be used to
compute the residue in each iteration. As proposed in [17]
after the first iteration, the computation of inner product in
the line 4 of algorithm 1 can be defined as

g = �Hb−�H�a. (36)

Since (�Hb) is the inner product from first iteration, we only
need to compute (�H�a). Because of the DFT property,
the (�H�) matrix will be a diagonal centric matrix where
the value in its diagonal significantly larger than off-diagonal
ones. By exploiting this property, the computation of �H�a
in Eq. (36) can be approximated by removing the current set
of maximum value from the vector g. Therefore, to compute
both least squares and residue, we only need an additional M
size memory to save the first row of the (�H�) matrix. The
total memory usage in our proposed method will be (N +M)
size, while the conventional way requires N ×M memory.

The computation steps for the proposed OMP operation can
be described by the flowchart in Fig. 4. The first computation
is the inner product which is realized using the proposed algo-
rithm strength reduction method. However different with the
conventional OMP, the number of iteration for inner product

Fig. 4. Flowchart of the proposed OMP.

computation is M/C and we only calculate this inner product
once. In the following iterations, the hardware only updates
this inner product result g vector. This computation is realized
in the residue unit by subtracting the vector g from �H�a.
The maximum finder unit will find the location of the largest
value in the vector g. The maximum value will be used to
update the �H� matrix. Since the hardware only save the
first column of the �H�, the �H� matrix is formed by only
utilizing shifter and conjugate operation.

IV. HARDWARE ARCHITECTURE

In this section, we provide a VLSI architecture for the
proposed CS based ISDB-T channel estimation. There are two
considerations in this proposed implementation, a fast exe-
cution time to meet the real-time strict deadline and a low
resource hardware to support the mobility in ISDB-T one-
seg service. Fig. 5 shows the block diagram for the proposed
VLSI architecture. The hardware mainly consists of five pro-
cessing elements: inner product, maximum finder,�H�matrix
updater, least squares and residue unit.

Table I shows the theoretical memory usage in this hard-
ware implementation. In this table, κ defines the sparsity
in the channel impulse response, where κ << N < M.
We save the static variables in the dedicated block RAM
(BRAM). While the dynamic variables are saved in the regis-
ters, so it can be updated in parallel. By utilizing the proposed
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Fig. 5. Proposed hardware’s block diagram.

TABLE I
THEORETICAL MEMORY REQUIREMENT

Fig. 6. Hardware architecture for inner product unit.

memory reduction technique, we can avoid to save the
whole complex � matrix which can significantly reduces the
RAM usage.

The least squares operation is realized in two steps. The
first step is the QR decomposition using the givens rotations
technique as described in algorithm 2. This operation is done
by the systolic array of CORDIC as proposed in [26]. Since
�H� is a complex matrix, each processing unit in this sys-
tolic array is based on three angles complex rotation (TACR)
CORDIC method as proposed in [22]. The outputs from this
systolic array are vector u which is equal to QH�Hb and the
triangular R matrix. As the second step, we utilize a back
substitution method to get the approximate solution for the
channel impulse response a in each iteration.

The details of hardware architecture for the proposed inner
product unit is shown in Fig. 6. This inner product unit is an
iterative realization of the proposed strength reduction method.

To compute the inner product g = 〈�H, r〉, this mod-
ule will compute C number of �H rows at once in each
iteration, thus the whole inner product computation only
require M/C clock cycles. This module can be divided into
5 sub-modules. In this implementation, each part is separated
by a pipelined register to obtain faster clock speed. In this
unit, only the first and the fourth sub-modules that require
the complex multiplication. The first sub-module is the real-
ization of diag(ψ0[k1]) multiplication from Eq. (20) which
requires N multipliers. While the fourth sub-module uses U
number of multipliers as the realization of �2 matrix multipli-
cation from Eq. (31). The second sub-module is implemented
with parallel of radix 4 decimators to realize the multiplica-
tion with �1 matrix from Eq. (30) which only contains 1,
j, −1 and −j elements. The third and the fifth sub-modules
are implemented with adder threes to perform the summation
computation.
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TABLE II
SIMULATION PARAMETERS

Fig. 7. Average multiplier requirement for different C.

V. EXPERIMENTAL RESULTS

A. Simulation Results

In this paper, we choose the same OMP parameters with the
implementation in [18] and [20] for comparison. The param-
eters are N = 256, M = 1024 and sparse elements κ=12.
This configuration equal to the ISDB-T system with FFT
size = 4096, CP = 1/4 symbol length. Before implement-
ing the hardware, we use MATLAB to simulate the proposed
method performance. The simulation parameters are shown in
the Table II.

First, we simulate the proposed inner product method with
different C from Eq. (25) to get the optimum complexity
reduction for the OMP configurations. Fig. 7 shows the aver-
age multipliers requirement for each row in the inner product
computation. Here the configuration with C = 16 can achieve
the optimum average 26 multipliers. While, the conventional
method and the FFT method require average 256 and 48
multipliers respectively. Thus, the proposed method can save
89.8% multipliers requirement compared to that of the con-
ventional method and 45.9% reduction compared to that of the
FFT method.

The bit error rate (BER) performance of the proposed
method in different modulation scheme is shown in Fig. 8.
We compare our proposed method with that of conventional
system where no any complexity reduction has been designed.
It can be seen that, the proposed method can achieve almost
identical BER performance to that of conventional system
but our proposed method has low complexity. We also use
the MATLAB simulation to find the minimum fixed point
data representation which will not affect our proposed system

Fig. 8. BER performance of the proposed and conventional method in
different modulation schemes.

Fig. 9. BER performance with different fixed point data representa-
tions (16QAM).

performance to benefit the hardware implementation. Fig. 9
shows the bit error rate performance for this simulation. It
can be seen that by reducing the data representation to using
18 bits will not largely affect the BER performance. However,
the BER will start to increase if using 17 bits as fixed point for
data representation, and the whole system will fail to operate
if using 12 bits for data representation.

B. Implementation Results

The proposed hardware is realized in Verilog HDL and syn-
thesized into Xilinx Virtex 6 FPGA. Based on the MATLAB
simulation results, the hardware is realized with specification
C = 16 and data representation with 18 bits as fixed points.
The measurement matrix � has a dimension of N = 256
and M = 1024. The sparsity degree of the channel impulse
response is κ = 12.

The synthesis results for the FPGA resources utilization can
be seen in table IV. Using the proposed method, the hardware
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TABLE III
COMPARISON TO EXISTING DESIGN

TABLE IV
FPGA XILINX VIRTEX 6 RESOURCE UTILIZATION

can be fit into Xilinx Virtex 6 XC6VSX475T. The proposed
architecture only require 1.6% BRAM and 31% register uti-
lization. Moreover, this design be operated with 100 MHz
clock speed.

The inner product multiplication execution time requirement
can be calculated as

Tip =
(

M

C
+ 5

)
× Tclock (37)

Since C = 16 and M = 1024, the M/C will be equal to 64,
thus, it will require 69 clock cycles which is equal to 690 ns.
While the least squares execution time can be calculated as

Tls = 5κ × Tclock. (38)

The least squares will require 60 clock cycle or 600 ns. The
rest of the hardware modules execution time are as follows.
The maximum finder requires 10 clock cycle for M = 1024,
the �H� needs κ clock cycle and the residue unit require 12
clock cycle. Therefore, the total reconstruction time can be
calculated as

Ttot = Tip + κ(Tls + 22+ κ), (39)

for the sparsity degree as 12, the reconstruction time is
about 11.97 μs.

The comparison between the proposed method with the
existing OMP hardware design can be seen in Table III. The
implementation in [27] and [28] show the conventional OMP
realization by software. It can be seen that, the reconstruction
time are larger than 10 ms. These realizations show that it
is very important for the hardware implementation to achieve
faster reconstruction time.

The hardware dedicated OMP in [18] and [20] worked on
real data reconstruction. Both the implementations provided a
new approach for the least squares operation but still using a
conventional way in the inner product calculation. While the

implementation in [21] shows a inner product computation
using FFT. From this table, it can be seen that our proposed
hardware design has the fastest reconstruction time compared
to that of the existing hardware dedicated OMP design.

VI. CONCLUSION

In this paper, we focused on solving the bottleneck in the
OMP hardware implementation for CS based channel estima-
tion. The main computational complexity in this implementa-
tion is the measurement matrix inner product multiplication.
However, for the OFDM channel estimation, we can utilize
the unique structure of measurement matrix, which is from
a truncated DFT matrix, to reduce the inner product com-
plexity. This paper proposed the strength algorithm reduction
technique to achieve smaller multipliers usage in parallel inner
product computation. Furthermore, we exploited the Hermitian
and Toeplitz structure of the measurement matrix to avoid the
requirement of whole matrix for memory. We have simulated
the proposed method performance for ISDB-T OFDM system.
From the simulation result, the proposed method can achieve
the same bit error rate (BER) performance compare to that of
the conventional method. Moreover, we also provided a VLSI
architecture realization of the proposed method. The hardware
is implemented in Xilinx Virtex 6 FPGA. The synthesis results
show the proposed method can be fit into Xilinx Virtex 6
FPGA and achieves the fastest reconstruction time compared
to that of the existing methods.
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