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Abstract: In this paper, we propose a novel codebook for multiple-input multiple-output (MIMO) Rician fading channels. While
the most conventional codebooks are designed in Rayleigh fading channels, we design a hybrid codebook which combines discrete
Fourier transform matrix-based codebook for MIMO Rayleigh fading channels and array matrix-based codebook for MIMO line-of-
sight channels. Especially, a backhaul link between base station and relay station can be a good target MIMO channels for the proposed
codebook. Link-level simulations performed in a MIMO-OFDM system show that the proposed hybrid codebook outperforms the
conventional codebooks when the K factor of Rician distribution is between 0.28 and 0.99. Moreover, the proposed codebook shows
almost optimal link-level performances for MIMO Rayleigh fading channels.
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1. Introduction

The channel dependent transmit-beamforming (TxBF) has
been used to exploit diversity gain when multiple anten-
nas are available at the transmitter [1]. Typically, TxBF
requires the feedback of channel state information (CSI)
from the receiver to the transmitter. However, such CSI
feedback can potentially incur excessive overhead due to
the multiplicity of channel coefficients [2], and thus a small
number of feedback bits are sent via a feedback path for
the transmitter to recreate the TxBF vector. These systems
are known as limited feedback systems (see [3] and the ref-
erences therein). To reduce the bandwidth requirement of
the feedback systems, finite rate technique have been pro-
posed for the case of the TxBF [4-6]. In these limited feed-
back systems, the receiver chooses the TxBF vector from
a finite set of precoding matrices, called codebook, on the
basis maximizing the effective signal-to-noise (SNR) af-
ter combining, and sends the corresponding indexing bits
to the transmitter, and can retain the advantage of capacity
enhancement or diversity gain as in the ideal TxBF scheme
[7].

In general, most codebook design methods assume the
wireless channels are Rayleigh distributed fading. Recently,

as downlink relay systems have become more influential,
codebook that was designed for line-of-sight component
has drawn considerable attention [8]. Especially, in the back-
haul link, which is a wireless link between the base station
and relay station, the direct path can be considered as Ri-
cian fading condition. In this paper, we consider that the
direct path exists between the transmitter and receiver, and
we propose a novel hybrid codebook that combines the
discrete Fourier transform (DFT) matrix-based codebook
for Rayleigh fading and the array matrix-based codebook
for direct path. Also, a hybrid codebook design methodol-
ogy is proposed for Rician fading channels. The proposed
codebook shows that it outperforms the conventional code-
books in Rician fading channels and it still shows very
good performances in Rayleigh fading channels.

The remainder of the paper is organized as follows.
Section 2 reviews MIMO Rician channel for relay systems
and conventional codebook for MIMO Rayleigh or line-
of-sight channels. In Section 3, we propose a novel code-
book for MIMO Rician fading channels. In Section 4, the
simulation results are demonstrated and the related discus-
sions are given. Finally, the concluding remarks are given
in Section 5.
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2. System model

2.1. MIMO Rician Channel for Relay Systems

Consider the three node wireless network using the relay
transmission in figure 1. Relay transmission can be seen as
a collaborative communications, in which a relay station
(RS) helps to forward user information from user equip-
ment (UE) to a base station (BS). RS can effectively ex-
tend the signal and service coverage of BS and enhance the
overall throughput performance of a wireless communica-
tion system. Besides, RS does not need a wired connection
to the network; therefore RS can save system operators’
backhaul deployment costs. Among many relay transmis-
sion schemes having been proposed to establish wireless
communication between a BS and UEs located far away
from the BS, it is common to employ two-hop transmission
scheme which consists of the amplify and forward (AF)
and the decode and forward (DF) between the BS and UE
units via RSs [9-11]. AF generally has some kind of ana-
log amplification circuit block to transmit signal while DF
has modem and channel coding blocks to transmit signal.

The backhaul link has more stochastic line of sight
(LOS) components rather than the access link, which is
a wireless link between the RS and UE, in the relay trans-
mission. In this regard, the backhaul link can be relatively
considered to Rician distributed fading channels. There-
fore, the MIMO fading channel in the presence of LOS can
be modeled as the sum of a fixed component and a variable
(or scattered, Rayleigh distributed) component [12]:

H =

√
K

1+K
H+

√
1

1+K
Hw, (1)

where
√

K/(1+K)H is the fixed (or LOS) component of
the channel and

√
1/(1+K)Hw is the fading component

of the channel. The elements of H are assumed to have
unit power. K in (1) is the Rician factor of the channel and
is the ratio of the total power in the fixed component of
the channel to the power in the fading component. K = 0
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corresponds to pure Rayleigh fading, while the channel ap-
proaches a non-fading link as K → ∞. Clearly Hw domi-
nates channel behavior for low values of K, while H domi-
nates the system behavior with an increasing degree of Ri-
cian fading. Generally, considering the array arrangement
for MIMO channel in figure 2, H is determined by the ge-
ometric characteristics as follows.

H =


e jθ e j2θ · · · e jNt θ

e j2θ e j4θ · · · e j2Nt θ

...
...

. . .
...

e jNrθ e jNr2θ · · · e jNrNt θ

 , (2)

and
θ =

2πd cosΘ
λ

= 2π∆ cosΘ , (3)

where Nt/Nr is the number of transmitted/received anten-
nas, d is the spacing between the antennas, λ is the wave-
length of the carrier, and Θ is the angle of direct path to
each user per relay. The parameter ∆ is defined as the an-
tenna spacing normalized by wavelength.

2.2. DFT matrix-based codebook for MIMO
Rayleigh channels

The DFT matrix-based codebook, whose codewords are
permuted columns of a DFT matrix, is considered as an
effective design for spatially correlated channels. And the
DFT matrix-based codebook well adapts to the uniform
linear array of MIMO system. When the receiver estimates
it MIMO channel, it chooses a M-dimensional DFT matrix-
based precoding matrix F ∈ u(Nt ,M) according to a spe-
cific codeword selection metric from a finite set of code-
books as follows [13].

F = {F1,F2, · · · ,FN}=
{

W,θW, · · · ,θ N−1W
}
, (4)

where u(Nt ,M) denotes the set of Nt ×M complex matrices
with orthogonal columns, N represents the cardinality (or
codebook length) of F . The first codeword W is obtained
by selecting M columns of Nt ×Nt DFT matrix, of which
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the (k, l)-th entry is given as
(
1/
√

Nt
)

e j2π(k−1)(l−1)/Nt , k,
l = 1,2, · · · ,Nt . Furthermore, θ is the diagonal matrix that
is the codebook generation variable, as in (5).

θ = diag
([

e j2πu1/Ne j2πu2/N · · ·e j2πut/N
])

, (5)

where {ui}Nt
i=1

(
0 ≤ {ui}Nt

i=1 ≤ N −1
)

is an arbitrary con-
stant. Given the first codeword W, the remaining (N −
1) codewords are obtained by multiplexing W by θ i, i =
1,2, · · · ,N − 1. The vector u = [u1,u2, · · · ,uNt ] consist of
{ui}Nt

i=1 is determined such that the minimum chordal dis-
tance is maximized, as follows.

u = argmax
u1,··· ,uNt

min
i=1,··· ,N−1

d
(
W,θ iW

)
, (6)

and

d
(
W,θ iW

)
=

√
1−|W(θ iW)H |2, (7)

where AH denotes conjugate transposition of a matrix A.

2.3. Array matrix-based codebook for MIMO
line-of-sight channels

Generally, the K factor in Rician fading channel increases
as the LOS component in the channel increases. If we con-
sider this fact, then it is not spatial multiplexing but the
TxBF that must be used. For this reason, the array matrix-
based codebook has a 1-dimentsional codewords. Also, the
array matrix-based codebook can be generated through an
equal distance criterion [8]. In order to maximize the min-
imum distance among the codewords in the vector space,
the angle differences between any two adjacent codewords
must be equal, where the angle differences mean |θ1 −θ2|
of two codeword vectors w(θ1) and w(θ1). Using this
criterion, the array matrix-based codebook W can be ob-
tained as follow.

W = {W1,W2, · · · ,WN} , (8)

wT
k =

1√
Nt

[
e− jθk e− j2θk · · ·e− jNt θk

]
, (9)

where where AT denotes transposition of a matrix A and
θk (k = 1,2, · · · ,N) is

θk = Φdi f f

(
k
N
− 1

2

)
, (10)

Φdi f f denotes the difference between the upper and lower
bounds of the quantization range Φ , which is given by
[−min(π,2π∆),min(π,2π∆)]. N should be greater than
or equal to

[
NtΦdi f f /2π

]
, otherwise the equal distance

criterion does not guarantee the maximization of the min-
imum distance.

3. Proposed hybrid codebook

The proposed hybrid codebook is combined of the DFT
matrix based codebook as in (4) for Rayleigh fading and
the array matrix-based codebook as in (8) for direct path.
When the number of transmit antennas is four, the pro-
posed design step can be summarized as the following:

1) We determined the NDFT, which is the cardinal-
ity of DFT matrix-based codebook. Because there are al-
most similar performance in the case of NDFT ≥ 8, we set
NDFT = 8.

2) We determined the NLOS, which is the cardinality
of the array matrix-based codebook. In the same way as
above, we set NLOS = 8.

3) The codebook generated by steps 1) and 2) can du-
plicate some codewords. At that time, we change NDFT =
9 and NLOS = 7 to remove the duplicated one from array
matrix-based codebook.

4) According to the determined cardinality of each code-
book, the whole possible candidate DFT matrix-based code-
books are generated. Further, the array matrix-based code-
book is then arranged in the front/rear of the whole can-
didate DFT matrix-based codebook. Consequently, many
candidate hybrid codebooks Whyb=

{
whyb,1whyb,2 · · ·whyb,16

}
are determined whose codebook size is 16.

5) The hybrid codebook is designed according to the
Grassmannian beamforming criterion [6] as in (11) and
(12) among the many candidate hybrid codebooks.

δ
(
Whyb

)
= min

1≤k<l≤N

√
1−|wH

hyb,kwhyb,l |2 (11)

and
Whyb = argmax

X∈uN
Nt

δ (X), (12)

where uN
Nt

is the set of Nt ×N complex matrices with unit
vector columns. This criterion captures the essential point
about quantized beamforming codebook design. Using the
above design step, the proposed hybrid codebook is shown
in table 1.

4. Simulation results

In this section, Monte-Carlo simulations are performed over
1 million iterations per SNR point to obtain symbol er-
ror rate (SER) probabilities of link-level performance. The
average SER is characterized by the DFT / array matrix-
based codebook and the proposed hybrid codebook. In the
simulations, MIMO orthogonal frequency division mul-
tiplexing (OFDM) system having 4 transmit antennas in

c⃝ 2013 NSP
Natural Sciences Publishing Cor.



410 Y.J. Kim, N.Y. Park, H.J. Kim: Performance Analysis of a Hybrid Codebook ...

Table 1 Proposed hybrid codebook generated for Nt = 4 and
N = 16 (4 bits)

Index Port 1 Port 2 Port 3 Port 4
0 0.5000 0.5000 0.5000 0.5000

1 0.3830 0.0868 0.3830 -0.2500
+0.3214i +0.4924i -0.3214i -0.4330i

2 0.0868 -0.4698 0.0868 -0.2500
+0.4924i +0.1710i -0.4924i +0.4330i

3 -0.2500 -0.2500 -0.2500 0.5000
+0.4330i -0.4330i -0.4330i -0.0000i

4 -0.4698 0.3830 -0.4698 -0.2500
+0.1710i -0.3214i -0.1710i -0.4330i

5 -0.4698 0.3830 -0.4698 -0.2500
-0.1710i +0.3214i +0.1710i +0.4330i

6 -0.2500 -0.2500 -0.2500 0.5000
-0.4330i +0.4330i +0.4330i -0.0000i

7 0.0868 -0.4698 0.0868 -0.2500
-0.4924i -0.1710i +0.4924i -0.4330i

8 0.3830 0.0868 0.3830 -0.2500
-0.3214i -0.4924i +0.3214i +0.4330i

9 0.5000 0.3536 0.0000 -0.3536
+0.3536i +0.5000i +0.3536i

10 0.5000 0.0000 -0.5000 -0.000
+0.5000i +0.0000i -0.5000i

11 0.5000 -0.3536 -0.0000 0.3536
+0.3536i -0.5000i +0.3536i

12 0.5000 -0.5000 0.5000 -0.5000
+0.0000i -0.0000i +0.0000i

13 0.5000 -0.3536 0.0000 0.3536
-0.3536i +0.5000i -0.3536i

14 0.5000 -0.0000 -0.5000 0.0000
-0.5000i +0.0000i +0.5000i

15 0.5000 0.3536 -0.0000 -0.3536
-0.3536i -0.5000i -0.3536i

conjunction with 1, 2 and 4 receive antennas are consid-
ered. Moreover, 16-QAM (quadrature amplitude modula-
tion) is assumed. Meanwhile, the channel model is assumed
to be ITU-R Pedestrian-A model having 3 multi-paths [14].
Channel is a memoryless fading channel with indepen-
dent and identically distributed (i.i.d.) entries according to
CN(0,1), and additive white Gaussian noise (AWGN) is
assumed with elements that are i.i.d. entries according to
CN(0,N0). It is also assumed that the channel estimation
and symbol synchronization are ideal, and there is no spa-
tial correlation amongst antennas. The more detailed sim-
ulation parameters are shown in Table 2.

In the first experiment, a MIMO-OFDM system with
K = 0 in the presence of pure Rayleigh fading is simu-
lated with the DFT / array matrix-based codebook, and re-
sults of the proposed hybrid codebook are shown in Fig-
ure 3. When SER is at 10−3, the proposed hybrid code-
book is found to achieve 0.2dB better performance for 1
receive antenna than that of the array matrix-based code-
book. Also, it achieves 0.3dB and 0.4dB better performances

Table 2 Computer simulation parameters

Parameters Values

Modulation/Demodulation 16-QAM

FFT/IFFT size 512

Number of occupied subcarrier 300

Cyclic prefix size 30

Number of transmit antennas 4

Number of receive antennas 1, 2, 4

Rician factor K 0, 4, 8

Channel bandwidth [MHz] 5

Sampling time [ns] 130

Number of multi-paths 3

Relative delay [ns] [0 110 190]

Average Power [dB] [0 -9.7 -19.21]

Feedback bits 4

than the array matrix-based codebook for 2 and 4 receive
antennas.

In the second experiment, a MIMO-OFDM system with
K = 4 is simulated as shown in figure 4. When SER is at
10−3, the proposed hybrid codebook is found to achieve
0.3dB better performance for 1 receive antenna than the
DFT matrix-based codebook. Also, it achieves 0.6dB and
0.7dB better performances than DFT matrix-based code-
book for 2 and 4 receive antennas.

In the third experiment, a MIMO-OFDM system with
K = 8 in the presence of non-fading link is simulated as
shown in Figure 5. The proposed hybrid codebook is found
to achieve 0.7dB better performance than DFT-matrix based
codebook for 1 receive antenna. Further, it achieves 0.8dB
and 0.9dB better performances than DFT matrix-based code-
book for 2 and 4 receive antennas.

As shown in figure 4 and figure 5, it is quite clear that
the more Rician factor K is increased, the more perfor-
mance difference between the proposed and DFT matrix
based codebook is increased. Figure 6 shows the EbNo
[dB] versus the Rician factor K for a MIMO-OFDM sys-
tem with the DFT / array matrix-based codebook and the
proposed hybrid codebook, which has four transmit and
four receive antennas, when SER is at 10−3. The array
matrix-based codebook achieves better performance than
DFT matrix-based codebook at over K = 0.56. The pro-
posed hybrid codebook achieves better performance than
DFT / array matrix-based codebook from K = 0.28 to K =
0.99. Moreover, the array matrix-based codebook achieves
the best performance among other codebooks at over K =
0.99. For these reasons, the proposed hybrid codebook is
optimally designed from K = 0.28 to K = 0.99.
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Figure 3 Comparison of SER performance of the proposed hy-
brid codebook for K = 0 (Nt = 4,Nr = 1,2,4)
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brid codebook for K = 4 (Nt = 4,Nr = 1,2,4)

5. Conclusions

In this paper, we have investigated the codebook design
problem for downlink relay systems, which has existed in
the direct path between the BS and RS. We have proposed
a novel hybrid codebook that combines the DFT matrix-
based codebook for Rayleigh fading and the array matrix-
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Figure 5 Comparison of SER performance of the proposed hy-
brid codebook for K = 8 (Nt = 4,Nr = 1,2,4)
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Figure 6 Comparison of SER performance by Rician factor K
when SER is 10−3 (Nt = 4,Nr = 4)

based codebook for direct path. Based on the simulation
results, the advantage of the proposed codebook is that it
can be applied to any fading condition and it also outper-
forms the conventional codebooks. Especially, outstanding
gains in SER performance can be achieved rather than us-
ing the DFT matrix-based codebook when the Rician fac-
tor K is increased.
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