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Abstract—Codebook is a useful precoding technique for band-
width limited systems because only few bits are required to
feedback channel information. Many researchers propose several
codebook selection criteria for linear receivers. However, these
selection criteria are very computationally intensive, and most
of them are not feasible for aperiodic feedback reporting in both
LTE and LTE-Advanced (LTE-A) systems. Under the limited pro-
cessing hardware and feedback delay constraints, low-complexity
receivers with efficient codebook selection scheme are desirable.
In this work, a low-complexity codebook searching engine is
proposed to support both LTE and LTE-A operations. Also, it can
be operated for both aperiodic and periodic feedback reporting.
The properties and mutual correlations of the LTE and LTE-A
codebooks are firstly analyzed. Then, a low-complexity grouping
FFT-based codebook searching algorithm is proposed, which can
be shared by LTE and LTE-A systems. Since the proposed algo-
rithm is an algorithmic transformation, there is no performance
loss. The proposed schemes have significant effect of reducing
the number of multiplications by 56% compared with referenced
works. Finally, a dual-mode low-complexity codebook searching
engine with TSMC 90 nm is implemented. The IP size is 2.2 mm
and the equivalent gate count is 547.6 K. The operating frequency
is 125 MHz.

Index Terms—Codebook, low-complexity, LTE, LTE-A, pre-
coding.

I. INTRODUCTION

L TE (Long Term Evolution) and LTE-Advanced (LTE-A)
systems with high throughput and reliability are pre-

vailing standards in mobile communication systems [6]. With
Multiple Input Multiple Output (MIMO) and Orthogonal Fre-
quency Division Multiplexing (OFDM) techniques, the LTE
and LTE-A systems can provide the high data-rate service for
the mobile phone communication systems. The main concern
of MIMO technique is the interferences among all transmit
and receive antennas. The codebook-based precoding scheme
is one of the key techniques to mitigate the interferences and
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enhance the performance of LTE and LTE-A systems over a
limited-bandwidth feedback link [13].
In LTE and LTE-A systems, precoding codebooks are already

pre-defined with up to four [1] and eight [3] transmit antennas,
respectively. These codebooks can be divided into two cate-
gories. One is square codebooks, i.e., the number of layers is
equal to that of transmit antennas. The other is non-square code-
books, i.e., the number of transmitted data streams is less than
that of transmit antennas. The LTE and LTE-A feedback require
the calculation of rank indication (RI), which is the number of
the transmission layers, and precoding matrix indicator (PMI).
This feedback can be divided into two modes, aperiodic and
periodic reporting modes. Aperiodic reporting mode needs to
select RI and PMI simultaneously. In contrast, the calculation
of PMI is conditioned on the known RI in periodic reporting
mode. To select RI and PMI simultaneously in aperiodic re-
porting mode, the computational complexity is much higher
than only selecting the PMI in periodic reporting mode [23],
[27]. Also, selecting favorable RI and PMI is more complicated
in the aperiodic mode.
In LTE and LTE-A systems, the codebook-based precoding

scheme should be executed independently at each OFDM sub-
carrier. Due to the great number of subcarriers, selecting a suit-
able precoding matrix is complicated. Several codebook selec-
tion criteria for linear receivers have been proposed in [7], [8],
[12]–[14]. Nevertheless, these selection criteria are very com-
putationally intensive and most of them are not feasible for
aperiodic feedback reporting. Among these selection criteria,
onlyMutual Information Selection Criterion (MI-SC) [7] is suit-
able for layer and precoding index selection in aperiodic report.
However, implementing MI-SC is difficult due to its high com-
putational complexity, which includes complex matrix multipli-
cations and matrix inversions. By the LTE and LTE-A secifica-
tions [2], [4], in the critical case, we have only 4 ms to derive
the precoding matrices of 110 subchannels [7]. Hence, how to
design a low complexity hardware with quick response time is a
challenging issue in implementing codebook searching engine
in mobile communication systems.
In this paper, we propose a low-complexity grouping FFT-

based codebook searching algorithm to reduce the complexity
of selecting favorable RI and PMI feedback values for linear re-
ceivers such as zero-forcing (ZF) and minimum mean squared
error (MMSE) receivers in LTE and LTE-A systems. The pro-
posed algorithm and architecture have three features:
1) The phase, unitary and nested property are used to reduce
the computational complexity. The comparison of the com-
putational complexity in Section V shows the proposed
schemes with 56% and 46% reduction in the number of
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multiplications for LTE and LTE-A systems respectively
compared with the low-complexity cofactor scheme [15].

2) The proposed algorithm is an algorithmic transformation,
there is NO performance loss between our proposed algo-
rithm and the algorithm of [7].

3) The proposed architecture is the dual-mode codebook
searching engine. The hardware blocks are shared be-
tween different modes and ranks to mitigate hardware
cost. Furthermore, the dynamic wordlength assignment
and the row interchanging scheme are proposed to reduce
hardware complexity.

At last, we implement the hardware of the dual-mode code-
book searching engine in 90nm technology. The chip has the
feature of core area, 58 mW power consumption and
125 MHz operating frequency. The chip can derive the pre-
coding matrices of 110 subchannels in 3.3 ms, and satisfies the
critical specification of 4 ms constraint.
This paper is organized as follows: Section II describes

the system model, and reviews the codebook designs and the
existing codebook selection criterion. The codebook searching
schemes for LTE system are proposed in Section III. The
proposed codebook searching schemes for LTE-A system are
showed in Section IV. The performance comparison and the
complexity analysis of the proposed schemes are illustrated in
Section V. Section VI proposes the dual-mode architecture im-
plementation and some schemes to reduce hardware cost, and
presents the VLSI implementation result. At last, we conclude
this paper in Section VII.

II. REVIEW OF CODEBOOK DESIGN AND EXISTING CODEBOOK
SELECTION CRITERION

In this section, we will introduce the design of LTE and
LTE-A codebooks for four and eight transmit antennas, respec-
tively, and investigate mutual information selection criterion
(MI-SC).

A. System Model

LTE and LTE-A systems are MIMO-OFDM system with
transmit and receive antennas. The baseband, discrete-time
equivalent received signal on subcarrier can be written as

(1)

is the received signal vector, is the
channel matrix experienced on subcarrier and is
the noise vector with the entries being independent and identi-
cally distributed according to . is the trans-
mitted symbol vector with . de-
notes the conjugate transpose of a matrix, is the total transmit
energy, is the identity matrix, and is the number
of transmitted data streams. denotes the precoding
matrix with orthogonal columns, where is the index within the
precoding matrix of the codebooks for LTE and LTE-A systems
defined in [1] and [3], respectively.
We assume that the channel matrix can be perfectly esti-

mated at the receiver. The estimated symbol vector is expressed
as

(2)

where is an matrix equalizer. We consider the
zero-forcing (ZF) and minimum mean squared error (MMSE)
receivers. For the ZF linear receiver, the matrix is given by

(3)

where is the inversion of a matrix. In the case of the MMSE
receiver, the matrix can be derived as

(4)

B. 4Tx Codebook Design for LTE System

The Householder matrix is generated from the House-
holder transformation [5] which is defined as

(5)

where is a matrix two-norm, is a 4 4 identity ma-
trix, the vector denotes the th generation vector listed in
Table I, and the vector is the normalized generation vector.
In four transmission antenna ports, the precoding matrix is se-
lected from the codebooks shown in Table I, where
denotes the matrix defined by the columns of the
Householder matrix . The precoding matrices
can be expressed as

(6)

Note that is a Hermitian and unitary matrix. Besides, the
codebooks have the nested property [11], which indicates that
each precoding matrix in a lower rank codebook is a submatrix
of precoding matrix in the higher rank codebook. In Table I,
the denominator, named constant modulus, can keep the same
transmit power.

C. 8Tx Codebook Design for LTE-A System

According to [18], the LTE-A codebooks design of eight
transmission antenna ports is a two-stage codebook design
proposed in [16], [17] :

(7)

where targets wideband/long-term channel properties and
targets frequency-selective/short-term channel properties,

respectively. Each of the components is assigned a codebook.
Hence, two distinct codebooks are needed: codebook 1 and
codebook 2. Here, the matrix of LTE-A codebooks is
termed the composite precoder. The number of and
are listed in Table II. By observing Table II, same of
some rank and only 1 codeword of rank 8(square codebook)
are found. Full details and constant modulus of the LTE-A
codebooks for eight antenna ports are listed in the Section
6.3.4.2.3 of [3].
This structure is well-suited for efficiently supporting

common antenna setups such as closely spaced cross-polarized
or co-polarized linear array. The antennas can then be divided
into two separate subgroups depending on the polarization
direction of the antenna. Such an antenna setup thus creates
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TABLE I
THE CODEBOOKS FOR FOUR TRANSMIT ANTENNAS IN LTE SYSTEM [1]

TABLE II
THE NUMBER OF AND FOR EACH LAYER NUMBERS

quite pronounced channel properties, which are well-matched
to a block diagonal structure of , i.e.,

(8)

where is a co-polarized antenna subgroup and a grid of
beam codebook. For example, rank 1 and 2 have sixteen
codewords, where is composed of four adjacent overlapping
beams. Each beam is one of 32 DFT vectors. Thus sixteen

codewords could be given as

(9)

(10)

(11)

The matrix is for beam selection, which selects proper
beams in and adjusts the relative phase shift between po-
larization. codebook is constructed of column selection
and QPSK co-phasing . For example, the of rank 1 and 2
are expressed as follows respectively:

(12)

(13)

(14)

(15)

where is a 4 1 selection vector with all zeros except for the
k-th element with value 1. Note that the column of (12) is the
sub-column of (14). The other codebooks for different
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layers also have this property that a column of in lower
layer codebooks is the sub-column of in higher layer code-
books. Therefore, the LTE-A codebooks of eight antenna ports
also have nested property.

D. Mutual Information Selection Criterion (MI-SC)

According to channel state information, the receiver will
choose the most favorable precoding matrix from the prede-
fined codebooks . For linear receiver, various codebook
selection criteria have been studied in [7], [8], [12]–[14], and
most of them are not available for the square codebook. Among
these selection criteria, only MI-SC [7], which is able to select
the optimal PMI and RI values, is suitable for aperiodic and
periodic reporting modes.
ForMI-SC [7], we choose the precoder whichmaximizes

the mutual information for a specific subcarrier , i.e.,

(16)

(17)

where is the mutual information on subcarrier ,
is the post-equalization signal-to-interference plus noise ratio
(SINR) of the th layer on subcarrier using the precoding ma-
trix , and denotes the number of transmission layers. For
aperiodic reporting mode, MI-SC selects the optimal PMI and
RI values simultaneously. Therefore, (17) has to be calculated
many times with different for aperiodic reporting mode. For
periodic reporting mode, MI-SC selects the optimal PMI when
the is fixed. Therefore, (17) has to be calculated only one time
with fixed for periodic reporting mode. Since the aperiodic
reporting mode and periodic reporting mode have same MI-SC,
the VLSI architectures of these two modes are the same. For ZF
and MMSE detection, the post-equalization SINR values of the
th layer on subcarrier are (e.g., [9])

(18)

(19)

where , , is the entry
of

In MI-SC, lookup tables can be utilized to implement ,
so the most complicated implementation is the computation
of SINR. Since LTE and LTE-A systems are OFDM systems;
SINR is calculated on every selected subcarrier. The computa-
tional complexity is very high. Therefore, we focus on how to
find SINR of MI-SC efficiently and compare the complexity of
the proposed scheme with [15] in the following section. Due
to large number of matrix inversions and multiplications in

, the operation is computationally intensive.
We will pay our attention on the reduction of the complexity of
. .

III. PROPOSED LOW-COMPLEXITY GROUP FFT-BASED
CODEBOOK SEARCHING ALGORITHM FOR LTE SYSTEM

In this section, we first find the relations between different
precoding matrices to group all matrices of into five groups
to decrease the codebooks searching range for 4Tx codebooks
in LTE system. With the relations, a SFFT scheme and a nested
cofactor expansion scheme are proposed to reduce the compu-
tational complexity of . This proposed scheme can be
applied to both non-square and square codebooks. Besides, the
simplified square codebook searching scheme is proposed to
further reduce computational complexity for square codebook.

A. Codebook Group for 4Tx Codebooks

By observing the generation vector table from Table I, we
discover that the difference between elements in different nor-
malized generation vectors is a phase only, and then we find
the relation between the th and the th normalized generation
vector as follows:

(20)

where is a 4 4 diagonal matrix and diag(p) is
With (20), the th matrix of

the codebooks can be derived from the th matrix of that
as follows:

(21)

By observing Table I, (6) and (21), the precoding matrices
can be expressed as

(22)

(23)

where and , the rotation matrices, are equal to
and , respectively. and denote the
matrices defined by the columns of the 4 4 iden-
tity matrix and the columns of respectively.
Equation (22) and (23) represent the relation between the ith and
the nth precoding matrices, all matrices of can be grouped
into five groups, , ,

, , and . The
phase of (20) is 90 in the first three groups and it is 180 in
the last two groups listed in Table III
We refer , , , , and to as the leading

precoding matrix (LPM) of each group. From (21), the leading
precoding matrix is and the others are , defined as the
member precoding matrices (MPM) in each group. With this
property, only five leading precoding matrices are required to
compute and the other precoding matrices can be derived from
them, as explained in the following subsections.

B. Selected FFT (SFFT) Scheme

From (19), the computational complexity is high because
of massive matrix multiplications. Therefore, we propose a
selected fast Fourier transform (SFFT) scheme to reduce the
number of matrix multiplications.
First, of the LPM and of the MPM are computed. Ac-

cording to (22) and (23), (19) can be simplified to (24)–(25),
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TABLE III
THE GROUPED CODEBOOKS FOR LTE SYSTEM

shown at the bottom of the page, where denotes the square
of constant modulus, and is a diagonal and unitary matrix,
where diag is and

is called . If and are erased on both sides of
, we can find that the diagonal el-

ements of are the same. The matrix can be written
as follows: [see (26) at the bottom of the page], where is

. The matrices and are the rotation matrices
by (22) and (23). The Hermitian of is and the
Hermitian of is thus we only consider how to re-
duce the matrix multiplications of and .
FFT andmatrix mapping can be utilized to calculate when
is known, since only difference between of the LPM

and of the MPM is the matrix multiplication of The
operation “o”, which is called Hadamard product, is the ele-
ment-by-element product of vectors. The Hadamard product of
vector and vector can be defined as follows

(27)

Fig. 1. The diagrams of FFT mapping scheme for 4Tx codebook: (a) the
Hadamard product of and . (b) the frequency responses of .
(c) the X-cross sections and of a cube.

First, the Hadamard product is computed as
follows

(28)

where denotes the conjugate transpose of the
column vector from the matrix and denotes the trans-
pose of the th column vector from the matrix . Then,
we put them into a cube like Fig. 1(a). Second, the frequency
responses of each row in the cube are calculated by -point
SFFT as follows,

(29)
where , and is the th element of .

denotes the Hadamard product We put
the frequency responses into the corresponding locations like
Fig. 1(b). We can find that the X-cross sections of the cube are
and , as shown in Fig. 1(c).

for
for

for
for

(24)

for
for

(25)

for
for

for
for

(26)
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The Hadamard product is calculated when leading pre-
coding matrix is considered, and -point SFFT, where
is 2 or 4, can be substituted for additive matrix multiplications
in member precoding matrix . Hence, we do not need addi-
tional matrix multiplications for computing matrix multiplica-
tions of of the other precoder in the same group, and
this scheme can reduce the computational complexity of the ma-
trix multiplications in MI-SC.
In summary, the traditional method needs to calculate the
for 16 codebook indexes directly. In the SFFT scheme, we

have only calculate the Hadamard product of leading precoding
matrix (LPM) and channel matrix for 5 groups and then use
SFFT to obtain the in (25). Therefore, the proposed scheme
can reduce the computational complexity for computing matrix
multiplications of .

C. Nested Cofactor Expansion Scheme

With SFFT scheme, we can reduce the number of matrix mul-
tiplications. However, the computational complexity is still too
high because of the requirement of the inverse of every . In
this section, the nested cofactor expansion scheme is proposed
to avoid the matrix inversion operations effectively by utilizing
nested property in LTE 4Tx codebooks. With the cofactor ex-
pansion [5], if an matrix A is invertible, the inverse of
A can be expressed as

(30)

where denotes the matrix of cofactors from . Then the value
of , which is the cofactor of , can be evaluated as
shown in (31) at the bottom of the page, where the matrix on
the right hand side is the submatrix that remains after deleting
the th row and th column from .
In (19), only the diagonal elements of are required, and

the other off-diagonal elements of can be ignored to reduce
complexity. By utilizing (30) and (31), we are able to find the
diagonal elements of directly instead of calculating the
inverse of . For example, is a 3 3 matrix given by

(32)

where is the entry of . Then, the diagonal ele-
ments of can be expressed as

(33)

where is the cofactor of .
From Section II, we know that the codebooks of four antenna

ports have nested property. In Table I, for the precoding matrix
with in subcodebook , we can find a
matrix in subcodebook , which is a subma-
trix of This property can be utilized to reduce the
computational complexity of matrix multiplications and inver-
sions as introduced in the following paragraphs.
First, each matrix in a lower rank subcodebook is a

submatrix of in a higher rank subcodebook. It means that
we do not need additional Hermitian matrix multiplications for
computing in a lower rank codebook search.
Only in the highest (i.e., Rank 4) rank code-
book is needed to calculate, and the corresponding rows and
columns of this matrix are cancelled. Then,
in the lower rank codebooks has been obtained. Therefore, the
number of Hermitian matrix multiplications is decreasing.

...
...

...
...

...
...

...
...

...
...

...
...

(31)
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In (30), the cofactor expansionmethod is used to avoid matrix
inversions, and the overall computational complexity is domi-
nated by the operation of determinant. By utilizing nested prop-
erty, the determinant operation of a lower rank matrix can
be obtained from the cofactor of a higher rank matrix . For
example, is a 3 3 matrix given by (32) and is a 2 2
matrix in a lower rank codebook, which is defined as

where is the entry of , and is zero and
for the ZF andMMSE detections respectively. Then,

the determinant operation of can be expressed as

(35)

where is the cofactor of from (33). Note that , a
cofactor of , has been calculated from higher rank codebook
search. Hence, the computational complexity of the determinant
operation can be reduced.
The cofactor expansion method is utilized to compute the di-

agonal elements of directly instead of matrix inversions,
and the cofactor of a higher rank matrix is used to help for the
determinant operation of a lower rank matrix. Then, the com-
putational complexity can be reduced. Due to the codebooks
nested property, erasing corresponding rows and columns of the
highest matrix can be obtained the Hermitian matrix multipli-
cations in the lower rank codebook search without any matrix
multiplications.

D. Further Simplification Codebook Selection Schemes for
Square Codebook

Since the precoding matrices of the square codebook are
unitary and invertible matrices, the simplified square codebook
searching scheme is proposed to reduce computational com-
plexity more.
First, according to (19), of the leading precoding matrix

is computed. Since the precoding matrices of the square code-
book are unitary, Hermitian, and square matrices, the inverse of
can be expressed as (36) at the bottom of the page.
Note that the matrix inverse in (36) is independent of , so

only one matrix inversion operation is needed for all codebook
search. is a Hermitian matrix,
and Cholesky-decomposition-based matrix inversion [5] can be
applied to obtain the product of a lower triangular matrix and
its conjugate transpose. The other QR decomposition method

[28] can further reduce the complexity of Cholesky-decomposi-
tion-based matrix inversion by applying the interpolation-based
concept. Hence, is represented as

(37)

where is a lower triangular matrix of Cholesky-decomposi-
tion-based matrix inversion and is a square and rotation
matrix. The Hermitian of is , thus the th diag-
onal element of is the energy of the th row vector from

.
When of the MPM is derived in the same group,

from (23) and (29) the matrix inverse can be written as fol-
lows:

(38)

is a diagonal and unitary matrix, and is a square and
rotation matrix, so can be simplified as

(39)

Similarly, the th diagonal element of is the energy of
the th row vector from and the relation between
and is where and have only one

nonzero entry in the th and th location, respectively. is the
leading precoding matrix index and is the other precoding ma-
trix index in the same group. , which is the entry

of the matrix , is the output of -point
SFFT from (29), where is the th element of ,

denotes the Hadamard product ,
denotes the conjugate transpose of the th column vector from
the matrix , and denotes the transpose of the th column
vector from the matrix .
Note that the Hadamard product is calculated

when leading precoding matrix is considered and the SFFT
scheme (2-point or 4-point FFT) can be substituted for additive
matrix multiplications. Hence, we do not need additional matrix
multiplications for computing of the other precoder
in the same group. By using (29) and (39), for square codebook
search, we can rewrite (18) as

(40)

In summary, we only need one matrix inversion operation for
square codebook search. After the codebook is grouped, only

for
for .

(36)
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Fig. 2. The flowchart of the proposed codebook searching algorithm for square
and non-square codebooks in LTE system.

five leading precoding matrices and five 2-point or 4-point FFT
are required to calculate all SINR of square codebook.

Algorithm Flow

The procedures of the proposed codebook searching algo-
rithmwould process for square and non-square codebooks in the
following steps, as shown in Fig. 2. Assume that the precoding
matrices from codebook of each layer are listed in Table I and
the RI is equal to four first.
Step 1) Given the complex channel matrix .
Step 2) Check if the rank indication is equal to four or

not. Use Cholesky-decomposition-based method to
compute matrix inversion in (36) if the condition is
satisfied, or else give the channel matrix to next
step directly.

Step 3) Use SFFT scheme to calculate the Hadamard product

Step 4) Check if the rank indication is equal to four or not.
Calculate the row energy by (39) if the condition is
satisfied, or else perform Hermitian matrix multipli-
cation and the nested cofactor expansion scheme.

Step 5) Calculate the SINR value.
Step 6) Check if the maximum precoding matrix index (i.e.,

16) is reach or not. Go to Step 7 if the condition is
satisfied, or else check if the precoding matrix is the
leading precoding matrix or not. Go back to Step 3

TABLE IV
THE GROUPED CODEBOOKS FOR LTE-A SYSTEM

if the condition is satisfied, or else go back to Step
4.

Step 7) Update RI value, .
Step 8) Check if the RI is equal to zero or not. That is to say

all codebooks in LTE system have been calculated.
Go to Step 9 if the condition is satisfied, or else go
back to Step 2.

Step 9) Find the optimal precoding matrix corresponding to
the maximum MI.

IV. EXTENDED DOUBLE FFT-BASED CODEBOOK SEARCHING
ALGORITHM FOR LTE-A SYSTEM

Because of the large number and different matrix sizes of 8Tx
codebooks in LTE-A system, the extended double FFT-based
codebook selection algorithm for LTE-A system is proposed
in this section. First, the relations between different matrices
of 8Tx codebooks in LTE-A system are also found, so we can
group the codebooks into three groups to decrease the code-
books searching range. Second, the SFFT scheme is utilized to
reduce the number of multiplications. Third, the dynamic matrix
inversion scheme is proposed. Finally, we compare the perfor-
mance of the proposed scheme with the referenced works.

A. Codebook Group for 8Tx Codebooks

The LTE-A codebooks of eight antenna ports are dual-code-
book which is based on the product structure in (7). From (10)
and (11), we also find some relation between the ith and the 0th
grid of beam codebook as follows:

(41)

where is a 4 4 diagonal matrix and
. With (20), the matrix

of can be derived from the th matrix of that as follows:

(42)

Note that the codebooks in LTE-A systems are the product
of and , so this property can be extend to LTE-A 8Tx
codebooks which have same .
All precoding matrices of the same are able to be con-

sidered one group. The LTE-A 8Tx codebooks can be grouped
into three groups and listed in Table IV.
The matrix in rank 8 is identical to one of the matrices
in rank 5, 6, and 7, so we regard them as the same group.

The first precoding matrix of each group, where is
equal to , is defined as the leading precodingmatrix (LPM),
and the others are the member precoding matrices (MPM). The
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phase of (41) is the phase of element of the second row and
the first column in the first matrix of MPM. With this property,
only one leading precoding matrix is calculated and the other
precoding matrices can be derived from it, as shown in the fol-
lowing sections.

B. Double Selected FFT Scheme

Due to massive matrix multiplication from (19), reducing
the number of matrix multiplication is a significant issue. In
Section III, the SFFT scheme is proposed to solve this problem.
However, the matrix size of codebooks and channel in eight
transmission antennas of LTE-A system is different to four
transmission antennas of LTE system. We extend the SFFT
scheme and propose the double SFFT scheme to decrease
computational complexity in eight transmission antennas of
LTE-A system.
We know that the first precoding matrix is named

as the LPM and the others are the MPM. With this prop-
erty from (42), (19) can be rewritten as follows: [see (43)
at the bottom of the page], where is the square of
constant modulus. is the Hermitian of

and means beam selec-
tion. The product of and is not
required any multiplication. Hence, we focus on how to reduce
the matrix multiplications of in the following
paragraph.
The matrix size of channel matrix is 8 8 and

can be given by (8). can be separated into and ,
and can be derived as

(44)

Note that can be divided into two parts,
and , each part is composed of the 4 8 channel matrix
or , diagonal matrix , and the grid of beam from

the LPM. In Section III, if only difference between the LPM
and the MPM is the matrix multiplication of between the
LPM and channel, the SFFT scheme can be used to substitute
for additional multiplication. By observing (44), only difference
between or of the LPM and the MPM is the matrix mul-
tiplication of , so we use the similar FFT scheme to reduce
complexity.

The Hadamard product and
are calculated and placed into two cubes like Fig. 3(a) firstly,
where is the conjugate transpose of the th column
vector from the matrix , and and denotes the
transpose of the th column vector from the matrix and
respectively. Secondly, the frequency responses of each row in
the two cubes are calculated by -point FFT and placed into
the same locations as shown in Fig. 3(b). According to different
phases of precoding matrix in codebook of different layers, the
corresponding FFT size is different, listed in Table V. Because
of the requirement of the interpolated terms, we add appro-
priate zeros behind the vectors and

before FFT in each row. Finally, the X-cross sections
of the cubes and in Fig. 3(b) are and , re-
spectively, as shown in Fig. 3(c).
is obtained by the product of and ,
which means that the two proper rows of and in Fig. 3(c)
are selected for addition or subtraction, so the computation is
not required any multiplications.
Because of different matrix sizes of channel matrix and

codebooks in LTE-A system from LTE system, the separating
channel matrix and zeros padding methods are proposed. The
relation between the LPM and MPM are utilized to propose the
double SFFT scheme to avoid additional matrix multiplications
in the same group.

C. Dynamic Matrix Inversion Scheme

In Section III, the nested cofactor expansion scheme is pro-
posed to reduce the complexity of matrix inversions by utilizing
nested property in LTE 4Tx codebooks. Therefore, we analyze
the 8Tx codebooks in LTE-A system, and then find the nested
property to reduce complexity by the nested cofactor expansion
scheme.
The 8Tx codebooks design of eight transmission antenna

ports is a two-stage codebook design by (7). The codebooks of
rank 1 and rank 2 in LTE-A system are discussed, and the
other codebooks can use the same method to analyze. With (7)
and (42), the codebooks of rank 1 and rank 2 are derived as

where and denote beam selection, is , where

for

for

for

for
(43)
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Fig. 3. The diagrams of FFT mapping scheme for 8Tx codebook: (a) the Hadamard product of and . (b) the frequency responses of . (c) the
X-cross sections of the cubes.

TABLE V
THE CORRESPONDING FFT SIZES FOR 8TX CODEBOOKS

is an integer among 0 to 3. Only difference between
(45) and (46) is the grid of (46). Thus, the relation between
rank 1 and rank 2 codebooks can be written as follows:

(47)

where the rotation matrix is similr to (22). The other code-
books of rank 3 to 8 can use the same method to derive this
relation. That is to say, the 8Tx codebooks in LTE-A system
have nested property. Consequently, the nested cofactor expan-
sion scheme in Section III can be used to reduce complexity in
LTE-A system.
In LTE-A system, we also utilize the nested cofactor ex-

pansion scheme to decrease complexity. However, the nested
cofactor expansion scheme is not always the best solution for
matrix inversions. The nested cofactor expansion scheme is
mainly computed determinant to obtain matrix inversion. How-
ever, the complexity of the determinant operation increases
exponentially when the matrix size increases. We analyze the
complexity of different matrix sizes and different methods as
shown in Fig. 4. We consider three methods, the nested cofactor
method, the nested cofactor method with LU decomposition,

and the Cholesky-decomposition-based method. In Fig. 4, the
Cholesky-decomposition-based method is the better way to
do matrix inversion in the higher matrix size. When the layer
value is less than or equal to four, the nested cofactor method
is the better solution. Therefore, the dynamic matrix inversion
scheme is proposed. When the layer value is less than or equal
to four, the nested cofactor method is used. In the others, the
Cholesky-decomposition-based method is the better way to do
matrix inversion, as shown in Fig. 5.

D. Row Interchanging Scheme

In the nested cofactor scheme, we propose row interchanging
scheme to decrease the number of multipliers. From Fig. 4, we
know that the maximum matrix size of nested cofactor block
is four, that is to say the maximum size of determinant is four.
Considering limited hardware and feedback constraints, a 3 3
determinant is implemented to obtain all determinant value. By
the Laplace expansion, the 4 4 determinant can be represented
as

Note that the positions of the real values in each 3 3 matrix
are not the same. If we design this part architecture, we need to
implement a 3 3 complex value determinant. The architecture
of the complex value determinant needs 35 real multipliers, and
the hardware cost is too high.
In linear algebra, interchanging two rows of a matrix

multiplies its determinant by . The row interchanging
scheme is proposed to reduce the hardware cost of the
determinant. By interchanging the rows of and matrix,
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Fig. 4. The complexity analysis of different matrix inversion methods for (a)
multiplications and (b) divisions.

Fig. 5. The block diagrams of dynamic matrix inversion scheme.

Hermitian sub-matrix and the fixed positions of real values are
obtained in (49), where the solid arrowhead means the first
interchanging and the dashed arrowhead means the second
interchanging. With this property, (48) can be written as (50),
and each matrix has a Hermitian sub-matrix in the same
position. We can obtain the fixed positions of real values and a
Hermitian sub-matrix. Hence, the number of multipliers can be
reduced by 25. That is to say the proposed interchanging
scheme has 31% hardware complexity reduction of the number
of multipliers in the computation of determinant.

Algorithm Flow

The procedures of the proposed codebook searching algo-
rithm would process for square and non-square codebooks in
the following steps depicted in Fig. 6. Assume that the number
of precoding matrices from codebook of each layer is listed in
Table IV and the RI is equal to eight first.
Step 1: Step 1: Given the complex channel matrix .
Step 2: Step 2: Use the double SFFT scheme to calculate two

Hadamard product and , and perform the
-point SFFT scheme.

Step 3: Step 3: Select the appropriate beam to compose a
matrix according to in LTE-A system and
perform the Hermitian matrix multiplication

.
Step 4: Step 4: Utilize the dynamic matrix inversion scheme

to computematrix inversion. Use the nested cofactor
expansion scheme in Section III if RI is in the range
from one to four, or else use the Cholesky-decom-
position-based matrix inversion.

Step 5: Step 5: Calculate the SINR value.
Step 6: Step 6: Check if the maximum precoding matrix

index (according to the total number listed in
Table IV) is reach or not. Go back to Step 3 if the
condition is not satisfied, or else go to Step 7.

Step 7: Step 7: Update RI value.
Step 8: Step 8: Check if the RI is equal to zero or not. That is

to say, check if all codebooks in LTE-A system have
been calculated or not. Go to Step 9 if the condition
is satisfied, or else go back to Step 2.

Step 9: Step 9: Find the optimal precoding matrix with the
maximum MI value.

V. PERFORMANCE COMPARISON AND COMPLEXITY ANALYSIS

In this section, we will then simulate the performance of the
proposed schemes and analyze the computational complexity
of that for LTE and LTE-A systems, so we can separate this
section into two parts. One is the simulation part. We show
the simulations of the conventional MI-SC and the proposed
low-complexity MI-SC for LTE and LTE-A systems. The pro-
posed schemes can be applied to periodic and aperiodic report.
The simulation parameters are listed in Table VI. The simulation
model is an uncoded system. The other is complexity analysis.
We analyze the complexity of the proposed schemes and refer-
enced works. In LTE system, we compare the complexity of the
proposed schemes with that of the direct implementation, the
low-Complexity Householder Scheme [19], and the low-com-
plexity cofactor scheme [15]. In LTE-A system, we compare
the complexity of the proposed schemes with that of the direct
implementation and the low-complexity cofactor scheme [15]
in eight transmission antennas LTE-A system. Since the pre-
coding matrices of 8Tx LTE-A codebooks are not Housuholder
matrices, we cannot compare the complexity of the proposed
schemes with that of low-complexity Householder scheme [19]
in eight transmission antennas LTE-A system. We consider that
the receiver is the MMSE receiver and the reporting mode is
aperiodic report, since they are more complicated than ZF and
periodic reporting mode. The configuration is equal
to (4, 4) and (8, 8) in LTE and LTE-A systems respectively, since
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Fig. 6. The flowchart of the proposed codebook searching algorithm for square
and non-square codebooks in LTE-A system.

TABLE VI
SIMULATION PARAMETERS

they are the most complicated cases, which consider all of pre-
coding matrices in codebooks.

A. Simulation Results of 4Tx LTE System

In LTE system, we focus on the configuration:
. In the aperiodic report, RI and PMI values are required

to select simultaneously, so we compare the throughput perfor-
mances of conventional MI-SC and MI-SC wit the proposed
schemes for all of codebooks search. When the constellation is
fixed, the effective throughput can be written as follows:

(51)

where BER is bit error rate, and RI is transmission layer selected
from (16). Figs. 7(a) and 7(b) show the throughput performance
and BER performance comparison between MI-SC and MI-SC
with proposed schemes, respectively. In Fig. 7(b), We focus on
the configuration: for LTE system.
Apparently, the proposed schemes do not have any performance
loss in Fig. 7 because we use simplification instead of approxi-
mation to the equations in LTE system.

B. Simulation Results of 8Tx LTE-A System

In LTE-A system, we focus on the configuration:
. As described in 4Tx LTE system, we

also compare the throughput performances and BER perfor-
mance between MI-SC and MI-SC with the proposed schemes
for all of codebooks search of LTE-A system, respectively.
From (51), the throughput values are calculated and shown
in Fig. 8. Apparently, the proposed schemes do not have any
performance loss in

C. Complexity Analysis of 4Tx LTE System

The lookup tables can be used to implement for MI-SC,
and the most complicated operations of SINR is to compute the
16 matrices for each RI from (18), so we focus on
the complexity analysis of of each RI. The direct
implementation with Cholesky-decomposition-based matrix in-
version [10], the low-complexity Householder scheme [19], the
low-complexity cofactor scheme [15], and our proposed sim-
plified selection schemes are considered in the comparison of
complexity. The complexity is quantified by the number of real
multiplications, division, and square-roots. Note that one com-
plex multiplication can be carried out by four real multiplica-
tions.
1) Conventional Direct Implementation: First, the matrix
is obtained by (19). is required real

multiplications. Since the matrix is Hermitian,
only diagonal and upper triangular elements need to be com-
puted, the Hermitian matrix multiplication requires
real multiplications. 2 real multiplications are needed to com-
pute .Then, we perform complex matrix inversion operations
on every matrix by Cholesky-decomposition-based matrix
inversion, which is a low-complexity direct matrix inversion al-
gorithm in [10]. With this inversion, an M M Hermitian ma-
trix inversion requires real multiplications,
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Fig. 7. (a)Throughput performance comparison between MI-SC and MI-SC
with proposed schemes in aperiodic report of LTE system. (b) BER performance
comparison between MI-SC and MI-SC with proposed schemes in periodic re-
port of LTE system.

Fig. 8. (a)Throughput performance comparison between MI-SC and MI-SC
with proposed schemes in aperiodic report of LTE-A system (b) BER perfor-
mance comparison between MI-SC and MI-SC with proposed schemes in peri-
odic report of LTE-A system.

divisions, and square roots. Crucially, we repeat fore-
going steps for 64 times since we need to calculate for
16 times for each RI i.e., . Because of the
nested property, we only compute the operation of in
the highest rank codebook and then cancel the corresponding
columns to obtain in the lower rank subcodebook. The
computational complexity of this method, such as matrix inver-
sions, matrix multiplications, and square roots operation, is too
high, so we want to find ways to reduce them.
2) The Low-Complexity Householder Scheme [19]: With a

structure of Householder for simplification can be achieved es-
pecially in the matrix multiplications by [19]. The matrix mul-
tiplications of square codebook can be simpli-
fied to five terms of matrix-vector multiplications. In non-square
codebooks, because of the 4 4 identity matrix in the House-
holder transformation, the matrix multiplication be-
comes a vector-vector and matrix-vector multiplications, where
the matrix-vector multiplication is computed in square code-
books. We also obtain complex matrix inversion operations on
every matrix by Cholesky-decomposition-based matrix in-
version. With this method, the number of matrix multiplications
is reduced by 24.4%.
3) The Low-Complexity Cofactor Scheme [15]: The

Cholesky-decomposition-based matrix inversion is computa-
tionally intensive, so the authors use cofactor expansion scheme
to avoid the matrix inversion operations in [15]. The diag-
onal elements of are the diagonal cofactors of divided
by the determinant of , and divisions are required.
For square codebook, because of the same determinants of

, only one is needed to computed, and each diagonal

TABLE VII
COMPLEXITY COMPARISON FOR .

cofactor of is the determinant of an .
For non-square codebooks, the determinants of and
the cofactors both are required to compute. For example, the
determinant of the 2 2 , 3 3 and 4 4 Hermitian matrices
require 3, 16 and 80 real multiplications, respectively. The total
number of matrix multiplications, inversions and square roots
are listed in Table VII. With this method, matrix inversions and
square roots are not required.
4) The Proposed Low-Complexity FFT-Based Schemes:

From (23), the relation among adjacent matrices can be used
to group the codebooks into five groups, and the computation
of LPM is used to help for the computation of MPM. Since we
can use the operation of a higher rank matrix to help for the
operation of a lower rank matrix, we first concern for square
codebook search and then discuss the complexity of different
proposed schemes and compare these schemes with the direct
implementation and the low-complexity cofactor scheme. In
aperiodic report, we need to compute the SINR values of
square and non-square codebooks both. The complexity of
square codebook is decreasing by the simplified square code-
book searching scheme, and SFFT scheme and nested cofactor
expansion scheme can reduce the complexity of non-square
codebook.
The simplified scheme can save the complexity of square

codebook search, so we focus on the analysis of the square
codebook selection. According to (36), only one matrix inver-
sion operation is required for all of square codebook search.
We require real multiplications to compute

We use the non-square-root Cholesky-de-
composition-based method [20] to calculate this matrix inver-
sion due to fewer divisions and square roots than square-root
Cholesky-decomposition-based method. The non-square-root
method requires real mul-
tiplications and divisions. We group the codebooks into
five groups. Only Hadamard product and SFFT
are the of the leading precoding matrix are required in each
group, and then we can get the other answers in the same
group. Since the SFFT is composed of 2-point and 4-point
FFT, it doesn’t need any real multiplications. Due to the lower
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triangular matrix of Cholesky-decomposition-based matrix
inversion, only real multiplications are required for
the array multiplications. Finally, according to (40), real
multiplications are required to compute the diagonal elements
of . Totally, real multiplications
and 16 divisions are required for all of square codebook search .
We find themost complicated operation is thematrixmultipli-

cation of , so we propose the SFFT scheme to save the
complexity of From Section III, if of LPM
is known, FFT can be utilized to obtain of MPM. It
means that only Hadamard product and SFFT
are required thematrix multiplication of in each group.
Form (29), the SFFT is composed of 2-point and 4-point FFT,
so the complexity of matrix multiplication is only re-
quired (1280) real multiplications for all of code-
books in aperiodic report.
In [15], the cofactor method can avoid the inverse of ma-

trix , but the cofactor method still has too many multipli-
cations. We propose nested cofactor scheme which reuses the
cofactor of the higher rank matrix to gain the determinant of
the lower rank matrix. When of the
highest rank codebook has been calculated, we do not need any
multiplication for . The operation of

is only required real multipli-
cations for all of codebooks search. Using this scheme, only the
cofactors of are required to compute for non-square code-
books search. Each diagonal cofactor of is the determinant
of an , and the determinant of the 2 2
, 3 3 and 4 4 Hermitian matrices require 3, 16 and 80 real
multiplications, respectively.
Table VII compares the computational complexity of

for the case in aperiodic report.
We list the complexity of different proposed schemes and
conventional schemes. The reduction denotes the percentage
of reduction compared with direct implementation. Compared
with direct implementation, the proposed low-complexity
FFT-based algorithm has significant effect on reducing the
number of multiplications, divisions, and square roots by
63.4%, 86%, and 100%, respectively.

D. Complexity Analysis of 8Tx LTE-A System

As described in LTE system, we also focus on the complexity
analysis of of each RI, where K is the number of
precoding matrices in Table II. The direct implementation with
Cholesky-decomposition-based matrix inversion [10], the low-
complexity cofactor scheme [15], and our proposed simplified
selection schemes are considered in the comparison of com-
plexity. The complexity is quantified by the number of real mul-
tiplications, division, and square-roots. Note that one complex
multiplication can be carried out by four real multiplications.
1) Conventional Implementation: We compare two con-

ventional methods. One is direct implementation method. The
way of calculating computational complexity is similar to
LTE system. Only two differences between the complexity of
direction implementation method in LTE and LTE-A systems
are the matrix sizes and the number of codebooks. Therefore,
we can extend the RI value to eight (i.e., ),
and change the times of calculating according to the
number of precoding matrices in LTE-A 8Tx codebooks for
each layer. The other method is the low-complexity cofactor

TABLE VIII
COMPLEXITY COMPARISON FOR .

method. The way of calculating computational complexity is
like LTE system. We only change the RI value and the times of
calculation. Besides, we use LU decomposition to compute the
determinant of the matrices, which sizes are more than four,
due to the greater complexity at the higher matrix size. The
total number of matrix multiplications, inversions, and square
roots of two methods are listed in Table VIII.
2) The Proposed Low-Complexity Double FFT-based

Schemes: In Section IV, the double SFFT scheme and dynamic
matrix inversion scheme are proposed to reduce computational
complexity. With the double SFFT scheme, the computation of
LPM is also used to help for MPM, thus the way of calculating
complexity is like LTE system. That is to say, only Hardmard
product and FFT are substituted for the matrix multiplications
of in the same group. We just consider two sets
of Hadamard product and FFT by (44) to obtain the matrix
multiplications. Furthermore, we propose the dynamic matrix
inversion scheme to reduce the complexity of matrix inversion
. When the layer value is less than or equal to four, the nested

cofactor method is used. The way of computing complexity
of the nested cofactor method is the same as LTE system. In
the others, the non-square-root Cholesky-decomposition-based
method [20]. is utilized to do matrix inversion. If the layer value
is more than four, it requires
real multiplications and divisions to calculate the matrix
inversion. The way of calculating computational complexity of
other computations is the same as LTE system.
Table VIII compares the computational complexity of

for the case in aperiodic feed-
back of LTE-A system. The complexity of different proposed
schemes is listed in Table VIII, where reduction denotes the
percentage of reduction compared with direct implementation.
Compared with direct implementation, the proposed low-com-
plexity double FFT-based algorithm has significant effect on
reducing the number of multiplications, divisions, and square
roots by 43.9%, 69.1%, and 100%, respectively. And com-
pared with cofactor scheme [15], the proposed low-complexity
double FFT-based algorithm has 46.1% and 41% computa-
tional complexity reduction of the number of multiplications
and divisions.
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Fig. 9. The conventional system block diagram: (a) the conventional 4Tx LTE
system block diagram. (b) the conventional 8Tx LTE-A system block diagram.

VI. ARCHITECTURAL DESIGN OF THE LTE/LTE-A
DUAL-MODE COODEBOOK SEARCHING ENGINE

In this section, the dual-mode codebook searching engine ap-
plied to LTE and LTE-A systems is implemented with the pro-
posed low-complexity algorithm in Sections III and IV. The
blocks are shared between different modes and ranks to miti-
gate hardware cost. Furthermore, the dynamic wordlength as-
signment and the row interchanging scheme are proposed to re-
duce hardware complexity. By the LTE and LTE-A secifications
[2], [4], a user equipment shall perform RI and PMI reporting
in subframe , upon receiving in subframe is given in
[2], [4] (Tables VIII–II in [2], [4]) and the smallest value of is
four. Hence, the minimum time of RI and PMI reporting is 4 ms.
In the critical case, we have only 4 ms to derive the precoding
matrices of 110 subchannels [7]. The time of selecting RI and
PMI values simultaneously, aperiodic reporting, is much longer
than that of periodic reporting. Therefore, we have 36.363 ìs to
select the optimal RI and PMI values from our proposed code-
book searching engine in the critical case.

A. Dual-Mode Hardware Sharing Scheme

In Sections III and IV, we will implement the codebook
searching engine is designed with the proposed low-complexity
algorithm. If we implement two sets of hardware design for LTE
and LTE-A systems separately as shown in Figs. 9(a) and 9(b),
the hardware cost is too high. In order to achieve the codebook
searching engine with low hardware costs for LTE and LTE-A
systems, we share the blocks between different systems and
ranks. The dual-mode architecture codebook searching engine
applied to LTE and LTE-A systems is proposed as shown in
Fig. 10. In Fig. 10, the dashed lines present the pipeline stage
of the dual-mode system. Each block denotes as follow:
1) :Hermitian matrix multiplication
2) :Cholesky-decomposition-based matrix inversion
3) :Nested cofactor expansion from Section III
4) :Hadamard product
5) :N-pointed selected fast Fourier transform
6) :Selecting proper beam according to LTE-A code-
books in [3]

7) :Computing the input vector energy
Considering the matrix size and hardware implementation of

each mode and rank, the arrangement of the blocks is listed in
Table IX, where block number is corresponding with Fig. 10.
In Table IX, the ordering of the number represents the pro-

Fig. 10. The dual-mode system block diagram.

TABLE VIII
THE DUAL-MODE BLOCK ARRANGEMENT.

cessing order in Fig. 10. From Table IX, we can utilize appro-
priate blocks for different ranks and systems. This scheme re-
duces about 33% hardware complexity. The critical path of the
system is in aperiodic report mode in LTE-A. The total execu-
tion cycle of the aperiodic report mode in LTE-A is 3750 cycles.

B. Dynamic Wordlength Assignment

Because of different constant modulus in the codebooks of
different system, the dynamic range for each system is different.
If the interger and fractional wordlength assignment are always
fixed for LTE and LTE-A systems both, that may extremely
limit the LTE-A performance or need more wordlength to im-
plement. The constant modulus in eight transmission antenna is
larger than that in four transmission antenna. Thus, the dynamic
range of LTE-A system is more important whereas the precision
of LTE system is more important. The dynamic wordlength
assignment is proposed for avoiding increasing wordlength
in dual-mode implantation. We assign different interger and
fractional wordlengths for different systems. For example, LTE
system requires 10-bit fractional parts and LTE-A system re-
quires 6-bit integer parts in the Hermitian multiplication block.
If we fix the integer and fractional wordlength assignment, the
total wordlength is 16 bits as shown in Fig. 11(a). In Fig. 11(b),
the integer wordlength is adjusted to 4 and 6 bits for LTE and
LTE-A systems, respectively. And, the fractional wordlength is
adjusted to 10 and 8 bits for LTE and LTE-A systems, respec-
tively. The total wordlength can be reduced to 14 bits. Thus, we
can reduce 12.5% wordlength and decrease the hardware cost.

C. Architecture Design of Function Blocks

We will depict architecture design of particular function
blocks. The other blocks can be implemented intuitively.
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Fig. 11. Wordlength assignment: (a) fixed method. (b) dynamic method.

Fig. 12. The sharing hardware structure of the CMI: (a) the block diagram of
the CMI. (b) the expansion of the CMI PE processor.

1) Cholesky-decomposition-based Matrix Inversion De-
sign: According to the trade-off between time and area, we
use folding technique to consider one element per cycle. The
Cholesky-decomposition matrix inversion is composed of a
Cholesky decomposition and a lower triangular matrix inver-
sion. The computation of them is similar. Hence, a sharing
Cholesky-decomposition-based matrix inversion design is
proposed to reduce hardware cost. We share the processor
and memory of the Cholesky decomposition and the lower
triangular matrix inversion parts in Fig. 12(a). The sharing CMI
block uses the processor PE as shown in Fig. 12(b). That is to
say we save about 50% hardware complexity in this sharing
Cholesky-decomposition-based matrix inversion design.
2) Nested Cofactor Expansion Design: The nested cofactor

expansion design is implemented to the nested cofactor expan-
sion scheme in Section III and row interchanging scheme in
Section IV. We can separate this design into three parts, co-
factor, nested determinant, and division. The nested determinant
part is designed for obtaining determinant from (35). The divi-
sion part means cofactor divides by determinant in (33). The co-
factor part is designed for cofactor computation in (33). Among
three parts, the cofactor part is hardware complexity intensive,
and the others can be implemented directly because of low hard-
ware cost. Accordingly, we focus on how to implement the co-
factor part. The hardware structure of cofactor computation with

Fig. 13. The hardware structure of a cofactor: (a) the block diagram of the
cofactor. (b) the expansion of the cofactor PE processor.

Fig. 14. The HMM architecture: (a) the HMM block diagram. (b) the HMM
PE processor.

the proposed row interchanging scheme is depicted in Fig. 13.
Fig. 13(a) is the block diagram of the cofactor. The last twomul-
tiplexers are designed for different matrix size of cofactor. The
cofactor block uses the processor PE shown in Fig. 13(b). With
the proposed row interchanging scheme, the hardware cost of
the processor PE can be reduced by 31%.
3) Hermitian Matrix Multiplication and Energy Design:

Because of the trade-off between time and area, we use folding
technique to obtain one element per cycle. The hardware
structure of Hermitian matrix multiplication is implemented in
Fig. 14(a). The element of Hermitian matrix multiplication is
element-by-element computed by the processor PE, composed
of eight complex multipliers and seven complex adders, shown
in Fig. 14(b), and then stored in the registers of the 8 8 lower
triangular matrix due to symmetrical property of its Hermitian
matrix.



LIN et al.: DUAL-MODE LOW-COMPLEXITY CODEBOOK SEARCHING ALGORITHM 3561

Fig. 15. The Hadamard product and SFFT architecture: (a) the Hadamard
product and SFFT block diagram. (b) the SFFT PE processor.

Fig. 16. The IP layout of the proposed codebook selection engine.

The implementation of energy computation is similar to the
Hermitian matrix multiplication design. The structure of pro-
cessor PE is the same but it is composed of eight real multi-
pliers. The registers of the lower triangular matrix in Fig. 14(a)
is changed into that of the 8 1 output vector.
4) Hadamard Product and SFFT Design: The Hadamard

product and SFFT design can be separated into two parts,
Hadamard product and SFFT, as shown in Fig. 15(a). The
Hadamard product design, which is required four complex
multipliers, is implemented to Hadamard product. The SFFT
design is implemented by 4-point FFT due to the utility rate
and the trade-off between time and area. The SFFT block uses
the processor 4-point FFT PE shown in Fig. 15(b). Due to the
double windowed FFT scheme in LTE-A system, we need two
Hadamard Product and SFFT sets.

D. Implementation Result

The dual-mode low-complexity codebook searching engine
with TSMC 90nm is implemented by using Cadence SoC en-
counter.Fig. 16 shows the IP layout of the proposed codebook
selection engine. The storage block is composed of registers and
memories. The other blocks are able to correspond to Fig. 10.

TABLE X
THE PROPOSED IP SUMMARY.

The IP features are summarized in Table X. The critical cycle of
the proposed system is 3750 cycles and each cycle time of our
chip is 8ns. Therefore, we can derive the precoding matrices of
110 subchannels in 3.3ms, which is less than the 4 ms constraint.

VII. CONCLUSIONS

In this paper, the dual-mode codebook searching engine is
proposed, which can be applied to LTE and LTE-A systems.
We propose low-complexity codebook searching schemes by
the codebook group scheme, the nested cofactor scheme, and
the FFT scheme. Since the proposed algorithm is an algorithmic
transformation, there is no performance loss. Compared with the
cofactor scheme [15]., the proposed schemes reduce the number
of multiplications by 56% and 46%, respectively, for LTE and
LTE-A systems. In the architecture part, we share some blocks
between different systems and ranks. Besides, the row inter-
changing and the dynamic wordlength assignment schemes are
proposed to reduce hardware complexity. Finally, we imple-
ment a dual-mode low-complexity codebook searching engine
with TSMC 90nm. The equivalent gate count is 547.6K. The op-
erating frequency is 125MHz. We can reduce the computational
complexity significantly under the timing constraint. Therefore,
the proposed schemes represent a considerable performance ad-
vantage for real-time implementation.
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