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Abstract—Much attention has been paid to higher fre-
quency (HF) radio communication providing large capacity.
As well, maintaining its communication quality is one of the
crucial issues, and diversity approaches should be effective ways
in terms of physical layer. Differential Space-Time Block Cod-
ing (DSTBC), which is a spatial diversity strategy, has robustness
against phase noise serious in a HF band. Employing less
receiving antennas is required to establish reasonable systems
although multiple receiving antennas can improve the quality.
Therefore, we try to obtain a frequency diversity effect instead by
applying spectral precoding which exploits abundant frequency
resources of a HF band, in addition to DSTBC. In this paper, we
propose two-dimensional diversity scheme which is concatena-
tion of spectral precoding and corrected DSTBC to compensate
an imbalance of equivalent noise variances between subcarriers.
The performance evaluation using computer simulations reveals
that the proposed solution yields the performance gain up to 4dB
at BER=10−4 compared to simple DSTBC. Afterwards, we also
examine the performance when applying error correction code,
and indicate that applicability of spectral precoding is dependent
on the coding rate.

I. Introduction

Higher data rate transmission and more-efficient utilization

of frequency resources have been demanded due to an in-

crease in mobile communication traffic[1]. For satisfying the

demands, one of the valid techniques is higher frequency (HF)

radio communication, such as millimeter-wave[2], [3]. It

can increase the communication capacity by using abundant

frequency resources, and its short wavelength enables us to

miniaturize the product. So, application of a HF band has

been examined for next-generation mobile networks[4], [5].

Meanwhile, stabilizing the communication quality is also

an important issue, and a diversity strategy is valid for it

in terms of physical layer. Differential Space-Time Block

Coding (DSTBC) is an attractive scheme to ensure the

stability using a spatial diversity effect while suppressing

phase noise influence serious in a HF band[6]. Moreover,

Power-Normalized DSTBC (PN-DSTBC) has been proposed

for multi-level modulation such as Quadrature Amplitude

Modulation (QAM) to mitigate the variation in amplitude

of differentially-encoded symbols[7], and its availability has

been shown even in the high-level modulation case[8]. In

addition to transmit diversity, although employing receive

diversity with multiple receiving antennas may be effective

to further maintain the communication quality[9], it causes

an increase in device size.

Thereby, we have investigated to apply spectral precod-

ing to PN-DSTBC for frequency diversity, which does not

cause loss in spectral efficiency without remarkably increasing

computational complexity. In this paper, we proposed the

concatenation of spectral precoding and PN-DSTBC which is

compensated for the imbalance of equivalent noise variances

over subcarriers, and show its effectiveness.

Moreover, we verify the behavior when introducing error

correcting code (ECC) to the proposed two-dimensional di-

versity scheme. ECC over subcarriers may provide frequency

diverseity unless using spectral precoding. On the other hand,

although high-rate ECC is popular to maintain a transmission

efficiency, we cannot expext error correction performance in

this case[10]. Hence, using spectral precoding, we try to

yield performance improvement even in the high-rate coding

case, and indicate that applicability of spectral precoding is

dependent on the coding rate.

This paper is organized as follow. The next section de-

scribes the serial concatenation of spectral precoding and cor-

rected PN-DSTBC, and show the performance improvement

in Section II. Section III examines the application of ECC to

the proposed two-dimensional diversity scheme and assesses

the performance behavior. Finally, Section IV provides our

conclusions.

II. Two-dimensional Diversity

A. System Model

Let us handle a 2×1 MISO (Multiple-Input Single-Output)

system model in our study, as shown in Fig. 1. Spectral

precoding is applied over two-independent frequencies as

outer coding, and then PN-DSTBC over two transmit antennas

is applied as inner coding.

1) Transmitter: First, at the transmitter, a modulated signal

sk,i j is spectrally precoded by multiplying a 2×2 precoding

matrix φ, and we have
[

zk,i1

zk,i2

]

= φ

[

sk,i1

sk,i2

]

. (1)

Here, i is a symbol index (i = 1, 2), j is a transmission

frequency index ( j = 1, 2), and k is a block index for STBC

coding. After spectral precoding, DSTBC coding with power

normalization, i.e. PN-DSTBC, is applied to the precoded
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Fig. 1. System model(2×1 MISO)

signal zk,i j taking into account suppressing the fluctuation in

amplitude especially for the case of non-constant envelope

modulations such as QAM. In PN-DSTBC coding, zk,i j is

first differentially encoded with power normalization, and an

encoded signal uk,i j is given by

[

uk,1 j

uk,2 j

]

=
1

√

|uk−1,i j|
2 + |uk−1,2 j|

2

[

zk,1 j −zk,2 j

z∗
k,2 j

z∗
k,1 j

] [

uk−1,1 j

uk−1,2 j

]

,

(2)

where (·)∗ denotes the complex conjugate. Then, a transmit

signal is given by STBC coding as below

xk, j =















x
(1)

k,1 j
x

(1)

k,2 j

x
(2)

k,1 j
x

(2)

k,2 j















=

[

uk,1 j uk,2 j

−u∗
k,2 j

u∗
k,1 j

]

. (3)

Here, m in x
(m)

k,i j
is a transmit antenna index (m = 1, 2). The

transmit signal xk, j is transmitted at frequency f j from the

two transmit antennas.

2) Receiver: A received signal can be represented by

[

rk,1 j

rk,2 j

]

= x
T
k, j















h
(1)

j

h
(2)

j















+

[

nk,1 j

nk,2 j

]

. (4)

Here, h
(m)

j
denotes a channel nature between m-th transmit

antenna and the received antenna at frequency f j, and nk,i j

indicates an Additive White Gaussian Noise (AWGN) com-

ponent. Note that ni j,k obeys complex Gaussian distribution of

which mean and variance are 0 and σ2, respectively, regardless

of the frequency and the time. First, PN-DSTBC decoding is

applied to rk,i j, and we have

[

yk,1 j

yk,2 j

]

=

[

r∗
k−1,1 j

rk−1,2 j

−r∗
k−1,2 j

rk−1.1 j

] [

rk,1 j

r∗
k,2 j

]

. (5)

TABLE I
Simulation parameters

No. of antennas TX: 2, RX: 1

Tx signal processing
Spectral precoding

PN-DSTBC

Frame configuration Start symbol: 2
(No. of symbols) Data symbol: 16

No. of TX frequencies 2

RX signal processing MLD

Modulation scheme 64QAM

Channel i.i.d. quasi-static Rayleigh fading

Although original PN-DSTBC decoding[7] requires amplitude

normalization for QAM demapping, we here compensate for

the amplitude fluctuation in the following spectral decoding

to fully obtain two-dimensional diversity gain. Next, the de-

coded signal yk,i j is demultiplexed using Maximum Likelihood

Detection (MLD). Whereas, when simple concatenating of

spectral precoding and PN-DSTBC, the performance degrades

due to an imbalance of equivalent noise variance at PN-

DSTBC decoding over subcarriers. The equivalent noise vari-

ance after PN-DSTBC decoding given by (5) is different

at each frequency. In contrast, general demultiplexing is

identical irrespective of the frequency. Therefore, MLD cannot

appropriately work PN-DSTBC decoding outputs given by

(5), resulting in a decrease in frequency diversity gain. Thus

in order to mitigate the effect of the noise imbalance at PN-

DSTBC decoding, we introduce signal compensation for PN-

DSTBC decoder outputs. The equivalent noise at PN-DSTBC

decoding shown in (5) can be approximately modeled as

ηk,i j ∼ CN(0, σ2
n(|rk−1,1 j|

2+ |rk−1,2 j|
2+ |rk,1 j|

2+ |rk,2 j|
2)). (6)

As shown in (6), the equivalent noise variance varies de-

pending on the frequency due to the instantaneous received

signals. This imbalance between the two frequencies leads

to the performance degradation because it is inappropriate

for the noise assumption in the subsequent demultiplexer,

as previously discussed. Hence, we apply the compensation

for PN-DSTBC decoder outputs so as to uniformalize noise

variances regardless of the frequency, and we have
[

yk,1 j

yk,2 j

]

=
1

βk, j

[

r∗
k−1,1 j

rk−1,2 j

−r∗
k−1,2 j

rk−1,1 j

] [

rk,1 j

r∗
k,2 j

]

. (7)

Here, 1/βk, j is a corrective coefficient depending on the

frequency and the instantaneous block, and βk, j is calculated

by

βk, j =

√

|rk−1,1 j|
2 + |rk−1,2 j|

2 + |rk,1 j|
2 + |rk,2 j|

2. (8)

B. Analyses of Performance Improvement

Using computer simulations, we fundamentally evaluated

the Bit Error Rate (BER) performance of the proposed two-

dimensional diversity scheme. Table I shows simulation pa-

rameters. In the simulation, a frame consists of start symbol

section with two spatially-orthogonal known symbols and data
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symbol section with eight blocks, where a block consists

of two symbols. In addition, channel gain for each transmit

antenna is estimated by using the start symbols. The number

of transmit frequencies is two, and those frequencies are

considered to be uncorrelated. The precoding matrix adopted

in the simultion is designed to achieve full diversity on real

algebraic number fields shown in [11] and is given by

φ =

[

0.8507 −0.5257

0.5257 0.8507

]

. (9)

In [12], it has been proven that the precoding matrix given

by (9) yields the best performance when being concatenated

with PN-DSTBC.

Figure 2 plots the BER with the proposed two-dimensional

diversity approach which is concatenation of spectral precod-

ing and corrected PN-DSTBC versus received Signal-to-Noise

Ratio (SNR). For comparison, the performances of simple

PN-DSTBC without spectral precoding and with spectral

precoding are also shown in the figure. From Fig. 2, the

BER performance of PN-DSTBC concatenated with spectral

precoding degrades compared to the simple PN-DSTBC due

to the imbalance of equivalent noise variance after PN-

DSTBC decoding. On the other hand, the improved two-

dimensional method can make the performance better, and the

improvement gain is 4dB at BER=10−4 compared to simple

PN-DSTBC. The corrected PN-DSTBC decoding generates

the uniform noise variance irrespective of the frequency by

applying the corrective coefficient given by (7). Therefore,

the optimal demultiplexing performance is obtained at MLD,

resulting in the potential frequency diversity gain.

B
E

R

SNR [dB]

R=1/2

R=3/4

Uncoded

 PN-DSTBC only
 PN-DSTBC + SP w/ MLD
 PN-DSTBC + SP w/ ZF

10 20 30 40
10-5

10-4

10-3

10-2

10-1

100

Fig. 3. BER performance (applying error correction code)

III. Application of Error Correcting Code

A. System Model

As mentioned in Section II, spectral precoding undertakes

to achieve frequency diversity. At receiver, demultiplexing for

the outer coding is performed by nonlinear processing such

as MLD, where a channel for the demultiplexing is composed

of precoding matrix shown in (9) and an equivalent channel

∆k, j at DSTBC decoder given by

∆k, j =

√

|h
(1)

j
|2 + |h

(2)

j
|2
√

|rk−1,1 j|
2 + |rk−1,2 j|

2

βk, j

. (10)

We note that linear filtering, such as Zero-Forcing (ZF) cannot

realize frequency diversity.

By contrast, when ECC is adopted and interleaved across

two frequencies, frequency diversity may be achieved by

exploiting redundancy of parity bits. Even when using linear

filtering, we can obtain frequency diversity effect by reflecting

equivalent SNR of the filter output onto bit likelihood. The

equivalent SNR of ZF filter output is obtained by

SNRzf,i =
γ

N f ||wzf,i||
2
. (11)

Here, γ is equivalent SNR at ZF filtering input, N f is the

number of transmit frequency, and wzf,i is ZF weight for i-

th spectrally-demultiplexed stream. Particularly for the low

coding rate case, since the number of parity bits is abundant,

ECC may solely provide sufficient diversity gain.

B. Performance Evaluation

We verify BER performance of the two-dimensional di-

versity approach with ECC. In this simulation, we apply
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turbo coding and max-log-MAP decoding with four iterations,

and the evaluated coding rates are 1/2 and 3/4. The other

simulation conditions are common to Tab. I.

Figure 3 shows BER performance of the two-dimensional

diversity applying ECC in the case of MLD and ZF. For

comparison, the performance of simple PN-DSTBC is also

shown in the figure. From Fig. 3, with ECC, we can see the

performance improvement at any demultiplexing method and

any coding rate. When the coding rate R is 1/2, the BER

performance of PN-DSTBC only is the best. As for ECC,

a large number of parity bits yield diversity gain especially

in the low coding rate case. In contrast, because spectral

precoding superposes two signals without redundancy, high

received signal quality is required. Therefore, if the coding

rate is low, a simple scheme without spectral precoding shows

the best performance.

In the case of high coding rate, such as R = 3/4, fre-

quency diversity effect obtained by ECC decreases due to

less redundancy. On the other hand, the spectral precoding

still brings frequency diversity gain which cannot be obtained

only by ECC. From these reasons, the performance of the

two-dimensional diversity approach applying ECC is better

than that of without spectral precoding.

In comparing the demultiplexing methods, the performance

difference between MLD and ZF is less as the coding rate

is lower. Although ZF filtering without ECC cannot obtain

diversity gain, parity bits containing the equivalent SNR at

demultiplexing output enable us to realize frequency diversity.

These above results remark that ECC across frequencies yields

frequency diversity of which gain is depending on the coding

rate.

Figure 4 plots the SNR required to achieve BER = 10−4 ver-

sus coding rate. When the coding rate is low, the performance

of simple PN-DSTBC with ECC is the best. By contrast,

in the case of high coding rate, the performance of the

two-dimensional diversity approach applying ECC is better

than that of no spectral precoding. The attained maximum

code diversity at block fading is depending on the minimum

Hamming distance of ECC[13], and is given by

δ ≤ 1 + ⌊B(1 − R)⌋. (12)

Here, δ is maximum diversity order, and B is the number

of independent fading blocks. In this simulation, maximum

code diversity order is two because of employing two block

channels. From (12), in the case of R ≤ 1/2, use of ECC

only can achieve full diversity order of two. On the other

hand, when R > 1/2, additional use of spectral precoding

realizes more diversity gain since diversity effect of ECC gets

insufficient.

We checked in advance the BER performance in various

modulation scheme and coding rates. Based on the results,

Fig. 5 plots the SNR required to achieve BER=10−4 versus

spectral efficiency when applying simple PN-DSTBC and the

concatenation of spectral precoding and corrected PN-DSTBC

with MLD. In the same manner as above evaluation, although

simple PN-DSTBC is the better method in the low coding rate

case, the proposed two-dimensional diversity scheme shows

the better performance when applying high-rate ECC. From

these results, it is concluded that spectral precoding plays a

more important role as coding rate is higher, and that an

optimum transmission method to fully obtain diversity gain

is depending on the coding rate.



IV. Conclusions

In this paper, we have examined the approach of two-

dimensional diversity by serially concatenating spectral pre-

coding and PN-DSTBC. Using computer simulation, it is

clarified that the examined configuration improves the per-

formance by 4dB at BER = 10−4 thanks to compensation

of noise imbalances at decoder outputs, and significance of

spectral precoding is dependent on the coding rate. In the

future, we will evaluate validity of the proposed method under

more practical channel conditions.
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Optimization of Ultra-dense Cellular Networks at High Carrier Fre-
quencies,” IEEE WCNCW 2015, pp.23–28, March 2015.

[4] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano,
A. C. K. Soong, and J. C. Zhang, “What Will 5G Be?,” IEEE
J. Sel. Areas Commun., vol.32, no.6, pp.1065–1082, June 2014.

[5] S. Chen, and J. Zhao, “The Requirements, Challenges, and Technolo-
gies for 5G of Terrestrial Mobile Telecommunication,” IEEE Com-
mun. Mag., vol.52, no.9, pp.36–43, May 2014.

[6] V. Tarokh and H. J. Jafarkhani, “a Differential Detection Scheme for
Transmit Diversity,” IEEE J. Select. Areas Commun., vol.18, no.7,
pp.1169-1174, July 2000.

[7] C. S. Hwang, S. H. Nam, J. Chung, and V. Tarokh, “Differential Space
Time Block Codes Using Nonconstant Modules Constellations,” IEEE
Trans. Signal Process., vol.51, no.11, pp.2955–2964, Nov. 2003.

[8] S. Umeda, A. Okazaki, H. Nishimoto, K. Tsukamoto, K. Yamaguchi,
and A. Okamura, “Cell Structure for High-speed Land-mobile Commu-
nications,” IEEE VTC2015-Fall, Sept. 2015.

[9] K. Tsukamoto, S. Umeda, Y. Kato, H. Nishimoto, A. Okazaki, A. Oka-
mura, M. Kawahara, H. Nagayama, K. Kawasaki, K. Nakamura, and
H. Tsuji, “Field-test Results of Mobile Communication Systems over
40GHz Frequency Band,” IEEE VTS APWCS 2014, Aug. 2014.

[10] R. C. Singleton, “Maximum Distance Q-Nary Codes,” IEEE Trans. In-
form. Theory, vol.10, no.2, pp.116–118, April 1964.

[11] E. B. Fluckiger, F. Oggier, and E. Viterbo, “New Algebraic Construc-
tions of Rotated Zn-Lattice Constellations for the Rayleigh Fading
Channel,” IEEE Trans. Inform. Theory, vol.50, no.4, pp.702–714, April
2004.

[12] K. Yamaguchi, N. Gresset, H. Nishimoto, S. Umeda, K. Tsukamoto,
A. Okazaki, and A. Okamura, “Serial Concatenation Approach of Spec-
tral Precoding and DSTBC Enabling Two-dimensional Diversity,” IE-
ICE Technical Report, RCS2015-49, pp. 19–24, June 2015(in Japanese).

[13] R. Knopp, and P. A. Humblet, “On Coding for Block Fading Channels,”
IEEE Trans. Inform. Theory, vol.46, no.1, pp.189–205, Jan. 2000.


