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The extended-Alamouti space-time block code is full-rate like the celebrated Golden code and it can be used for differential
modulation like the Alamouti’s scheme, which is only half-rate. It is thus fit to use for inter-vehicular communications over
rapidly varying mobile channels, since its differential version does not require channel state information (CSI) to be known at
the receiver. Both transmitter and receiver are each equipped with two antennas. A differential encoding scheme is used across
two consecutive 4D symbol intervals. Each entry of the 2x2 transmit matrix simultaneously carries two 2D symbols taken from a
phase-shift keying (PSK) signal constellation and they are separated by irrational coefficients in a novel way to be revealed in the
body of the paper. No knowledge of the channel state information (CSI) is required. Noncoherent demodulation is applied at the
reception. The performance of the differential extended-Alamouti space-time block code is evaluated by way of computer
simulations and compared with that of differential Alamouti. Finally, using the new code for inter-vehicular communication is
proposed with confidence.

1. INTRODUCTION
The vehicular industry is ever keenly interested in
improved coding and modulation techniques for intervehicular communications [1, 2]. For advanced applications
like the Internet of vehicles, larger bandwidth efficiencies
are required [3]. To improve the reliability of mobile
communications, antenna diversity at both transmit and
receive ends is already a common practice. A well-known
and proven 2× 2 space-time block code is Alamouti’s [4].
This is a half-rate space-time block code since it transmits
two 2D symbols in two consecutive channel uses with two
transmit antennas. A much celebrated full-rate space-time
block code is the Golden code that transmits four 2D
symbols in two consecutive channel uses [5–7]. Sphere
decoding is frequently used at the reception [8, 9]. In [10],
the decoding complexity of Golden code is tackled through
a suitable modification such that a less complex sphere
decoder is used without much compromising the error rate.
In [11], a method is given to improve the performance of
the Golden code by using octagonal reconfigurable orthogonal
element (ORIOL) antennas instead of a conventional
microstrip patch antenna. In [12], a performance comparison
of Golden and Silver codes is made using sphere decoding.
In [13], the performance of Golden code is compared to that
of Spatial Division Multiplexing in a Bit Interleaved Coded
Modulation – MIMO system. It is a well-known fact that
the Alamouti’s scheme can be used for differential
modulation, while this is not possible for the Golden code.
If the speed of the communicating vehicle is high, it may
not be possible to use a coherent demodulation at the
receiver. This means that we should look for a noncoherent
transmission scheme. Vehicular communication helps in
providing safer road conditions and road efficient driving.
The inter-vehicular communication takes place in a very
dynamic and mobile environment and is exposed to
interference, shadowing and Doppler’s effects. The vehicular
communication requires flexibility against the mobility of
the vehicles and the network. Therefore, new and improved
wireless transmission techniques are welcome.
1

In this paper, we propose a differential space-time block
coding dubbed extended-Alamouti. A wireless mobile
communication system equipped with two transmit
antennas and two receive antennas is considered. It is
intended
to
transmit
a
string
of
symbols
s0 , s1 , …, s2n , s 2n +1 , … taken from a 2D signal constellation
like phase-shift keying (PSK). Then a first antenna
transmits s 2n and s 2n +1 in two consecutive channel uses
2n and 2n+1, where n = 0, 1, 2,… . The Cartesian product
of a 2D signal constellation by itself may be viewed as a 4D
signal constellation, such that a two-tuple of 2D
consecutive symbols s 2n and s 2n +1 form a 4D symbol,
indexed by n. It is customary to represent the operation of
the transmitter with the help of a transmit matrix. An
instance of Alamouti matrix is as follows [4]:
⎛ s
− s2*n +1 ⎞⎟
An = ⎜ 2n
.
⎜s
s 2*n ⎟⎠
⎝ 2 n +1

(1)

In (1), the asterisk denotes complex-conjugation. The
*
in two
second transmit antenna sends − s 2*n +1 and s 2n
consecutive channel-uses 2n and 2n+1, respectively.
Another instance of Alamouti matrix is obtained by shifting
the minus sign from the first row to the second row, but in
what follows we do not need this one. Clearly, the two rows
of (1), as well as the two columns of it, are orthogonal.
Moreover, if the 2D symbols are normalized such that

s2n

2

+ s 2 n +1

2

= 1 , then (1) becomes a unitary matrix, that

is
An ⋅ AnH = AnH ⋅ An = I 2 .

In (2),

(2)

AnH is the Hermitian (that is, complex-conjugate

transpose) of An . The Alamouti matrix (1) has very useful
properties, for instance, it can be used for differential
encoding, but it is only half-rate. The Golden code has a
transmit matrix that is full-rate [5–7]:
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Gn =

iβ(v2n +1 + θ w2n +1 ) ⎞
1 ⎛ α(v2n + θw2n )
⎟ . (3)
⎜
⎜
β(v2n + θw2n ) ⎟⎠
5 ⎝ α(v2n +1 + θw2n +1 )

1+ 5
1− 5
, θ=
, i 2 = −1 , α = 1 + i θ ,
2
2
β = 1 + iθ . The matrix G n is full-rate since four 2D

In (3),

θ=

symbols v2n , v2n +1 , w2 n and w2 n +1 are transmitted out of
the two antennas in two channel uses. Yet it is not a unitary
matrix and thus cannot be used for differential encoding.
However, differential encoding is applied when the mobile
channel is highly variable and cannot be measured in real
time. In such a case, only noncoherent demodulation is
possible. The Alamouti matrix has been used with
differential encoding in [14] and [15]. But it is only halfrate and we would like to have a full-rate matrix like the
Golden code. In [16] and [17], it is shown using a testbed
and also theoretically that the Golden code doesn’t work
properly if the distance between the two transmit antennas
equals λ/3 or less. In contradistinction to the Golden code,
the Alamouti code, while only half rate, keeps having a
good performance to such small distance between the
transmission antennas.
The rest of the paper is organized as follows. Differential
Alamouti space-time block coding is briefly reviewed in
Section 2. Our main contribution, the full-rate differential
extended-Alamouti space-time block code, is introduced in
Section 3. An illustrative example is then developed in
Section 4. Concluding remarks are given in Section 5.
2. DIFFERENTIAL ALAMOUTI TRANSMISSION
For absolute transmission, that requires knowledge of the
channel state information (CSI) at the receiver, one could
use a matrix [4]
⎛ u
− u 2*n +1 ⎞⎟
.
(4)
U n = ⎜ 2n
⎜u
u 2*n ⎟⎠
⎝ 2n +1
Instead, we use for transmission the matrix
⎛ s
− s2*n +1 ⎞⎟
.
(5)
M n = ⎜ 2n
⎜s
s2*n ⎟⎠
⎝ 2n +1
In (5), s 2n and s 2 n +1 are symbols belonging to a PSK
signal constellation which are normalized by 2 in order
to have the same transmit energy as in the case of a single
transmit antenna. Gray coding is used to map the selection
bits on the points of the signal constellation. The encoding
equation is as follows:
M n = U nT ⋅ M n −1 .

(6)

From (6), we easily obtain:
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Note that a price to be paid for differential modulation is
that a first reference symbol, which carries no user
information, should be additionally transmitted at the
beginning of every frame.
The Golden code has excellent performance provided that
there are two receive antennas [5]. Therefore, we also
consider a 2× 2 multiple-input multiple-output (MIMO)
communication system. Denote the channel gain at the kth
receive antenna from the jth transmit antenna by hkj , where
k, j = 1, 2. The channel gains are constant on a frame, but
vary randomly from frame to frame. We then have
r2(nk −) 2 = hk ,1 ⋅ s 2n − 2 − hk ,2 ⋅ s 2*n −1 + z 2( kn)− 2 ,

(11a)

r2(nk −) 1 = hk ,1 ⋅ s2 n −1 + hk ,2 ⋅ s2*n − 2 + z 2( kn)−1 ,

(11b)

r2(nk ) = hk ,1 ⋅ s 2n − hk ,2 ⋅ s 2*n +1 + z 2( kn) ,

(11c)

r2(nk +) 1 = hk ,1 ⋅ s 2 n +1 − hk ,2 ⋅ s 2*n + z 2( kn)+1 .

(11d)

(k )
In equations (11), rm(k ) and z m
are the complex-valued
signal received by antenna k and the noise component,
respectively, at the discrete time m, where k = 1, 2. Note

that while the terms rm(k ) are measurable quantities, the
(k )
noise terms z m
are not so. Now, looking at (9) and (10),
we define
2

(

)

(12)

(

)

(13)

R1 = ∑ r2(nk −)*2 ⋅ r2(nk ) + r2(nk −) 1 ⋅ r2(nk +)*1 ,
k =1
2

R2 = ∑ r2(nk −)*1 ⋅ r2(nk ) − r2(nk −) 2 ⋅ r2(nk +)*1 .
k =1

By combining equations (11) with (7) and (8), we obtain:
2
2
2
R1 = ∑ ⎛⎜ hk ,1 + hk ,2 ⎞⎟ ⋅ u 2n + noise terms ,
⎠
k =1⎝
2

2
R2 = ∑ ⎛⎜ hk ,1 + hk ,2
k =1⎝

2⎞

⎟ ⋅ u 2n +1 + noise terms .
⎠

we fix s 2n −2 = s 2n −1 = 1
have

(

2 as in [14] and [15]. We then

)

(7)

u 2 n = s 2n + s 2*n +1

s 2 n +1 = u 2*n ⋅ s 2n −1 − u 2*n +1 ⋅ s 2n − 2 .

(8)

u 2n +1 = s 2n − s2*n +1

⋅ s 2*n − 2 ,

(9)

u 2 n +1 = s 2*n −1 ⋅ s2 n − s 2n − 2 ⋅ s 2*n +1 .

(10)

u2n =

s 2 n −1 ⋅ s 2*n +1 + s 2n

(15)

The receiver computes the closest vector (u 2n , u 2n +1 ) to
(R1 , R2 ) . Let us denote by b the number of information bits
transmitted per channel use. We see that (u 2 n , u 2n +1 )
depends on both (s 2 n − 2 , s 2n −1 ) and (s 2n , s 2n +1 ) . To select
this 4D symbol, only 2b input bits are available, while
twice as many would have been required to select an 8D
symbol (s 2 n − 2 , s 2 n −1 , s 2 n , s 2 n +1 ) . To establish a bijection,

s 2n = u 2n ⋅ s 2n − 2 + u 2n +1 ⋅ s 2n −1 ,

Conversely, we have:

(14)

(

2,

)

2.

(16)
(17)

To determine a two-tuple of absolute values (u 2n , u 2n +1 ) , b
input bits select a signal point denoted in (16) and (17) by
s 2n while another b input bits similarly select a signal
point s 2 n +1 according to (16–17). Actually however, the
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symbols (s 2n , s2 n +1 ) transmitted over the channel in two
consecutive channel uses 2n and 2n+1 are not those in (16)
and (17), but they are computed according to (7) and (8).
To avoid any confusion, let us rewrite (16) and (17) as
follows:

( )
= (x − y )

u 2n = x + y *
u 2 n +1

*

2,

(16bis)

2.

(17bis)

In (16bis) and (17bis), x and y belong to a PSK signal
constellation and each of them is selected by b input bits.
The asterisk denotes complex-conjugation.
3. DIFFERENTIAL EXTENDED-ALAMOUTI CODING

We now upgrade our inter-vehicular communication
system from half-rate, which is differential Alamouti, to
full-rate, which is differential extended-Alamouti. Let us
denote by M = 2 m the size of the PSK signal constellation
and use the notation

(
ϕ 2n +1 = (v2n +1 +

)

ϕ 2n = v2n + 2 w2n ⋅ 2π M ,

(18)

)

2 w2n +1 ⋅ 2π M ,

(19)

where v2 n , w2n , v2n +1 , w2n +1 ∈ {0, 1, 2,… , M − 1} . Then, the
signals transmitted in two consecutive channel uses 2n and
2n+1 are as follows:
1

s 2n =

2

s 2n +1 =

1
2

e iϕ2 n ,

(20)

e iϕ2 n +1 .

(21)

For notational convenience, let us introduce

[

]

α 2 n = v2 n −1 − v2n +1 + 2 (w2n −1 − w2n +1 ) ⋅ 2π M , (22)

[

]
(23)
2 (w2n − w2n −1 )]⋅ 2π M , (24)
2 (w2 n − 2 − w2 n +1 )]⋅ 2π M . (25)

β 2n = v2n − v2 n − 2 + 2 (w2n − w2n − 2 ) ⋅ 2π M ,

[

α 2 n +1 = v2n − v2n −1 +

[

β 2n +1 = v2n − 2 − v2 n +1 +

Then we have:

(
(

)

1 iα 2 n
e
+ e iβ2 n ,
(26)
2
1
u 2n +1 = e iα 2 n +1 − e iβ2 n +1 ,
(27)
2
We see that (u2n, u2n +1) depends on both
v
( 2n−2 + 2 w2n−2 ) , ( v2n−1 + 2 w2n−1 ) and ( v2n + 2 w2n ) ,
u 2n =

( v2n+1 +

)

)

2 w2n +1 . To select this 4D symbol, only 4b

input bits are available, while twice as many would have
been required to select the 8D symbol ( v2n−2 + 2w2n−2,

)

v2n −1 + 2 w2n −1 , v2n + 2 w2n , v2n +1 + 2 w2n +1 .

To establish a bijection, we fix v2n–2 = w2n–2 = v2n–1 = w2n–1 = 0.
Using again equations (11) this time for extendedAlamouti, we obtain:
u2n =

1 ⎛ i (v2 n +
⎜e
2⎝

)

2 w2 n 2 π M

+ e −i (v2 n +1 +

)

2 w2 n +1 2 π M

⎞ , (28)
⎟
⎠

1
u2n+1 = ⎛⎜ ei (v2n +
2⎝
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)

2 w2n 2π M

− e −i(v2n +1 +

)

2 w2n +1 2π M

⎞ . (29)
⎟
⎠

As for differential Alamouti, the receiver computes the
closest vector (u 2n , u 2n +1 ) to (R1 , R2 ) . In the next Section,
we illustrate our method with differential QPSK
(Quadrature PSK), that is M = 2b = 4 .
4. ILLUSTRATIVE EXAMPLE:
DIFFERENTIAL QPSK

There are many sources of error in data transmission,
like the imperfect clock and carrier recovery at the
reception. Some of them can be mitigated by careful
implementation. In this study, we are concerned with the
main sources of error, that is, the additive noise and the
fading, the last one including the influence of the spacing
between the two transmit antennas and also of the spacing
between the two receive antennas. Indeed, when in deep
fading, there are errors even if the power of noise is
vanishingly small.
In two consecutive channel uses 2n and 2n+1, eight
information bits are gathered at the input of the transmitter
and they are denoted by b1n ÷ b8 n . Together, they select a

two-tuple of absolute symbols (u 2 n , u 2n +1 ) . To establish a
bijection between the set of the 256 words made with the
input bits and the set of all two-tuples (u 2n , u 2n +1 ) , in the
equations (28) and (29) we put:
v2n = 2b 2 n + b1n ,

(30)

w2 n = 2b 4 n + b3n ,

(31)

v2n +1 = 2b6 n + b5 n ,

(32)

w2 n +1 = 2b8 n + b7 n .

(33)

The transmitter has already stored the relative symbols
v2n − 2 , v2n −1 , w2n − 2 , and w2 n −1 . Having computed the
absolute symbols u 2n and u 2n +1 as well, it can form the
transmission matrix M n according to (6). The receiver
cannot acquire CSI; instead, it computes an estimated
(R1 , R2 ) and looks for that two-tuple (uˆ 2n , uˆ 2n+1 ) which is
nearest to it. For maximum likelihood (ML) detection, a
suitable metric is as follows:
2

2

mn = u 2n − R1 + u 2 n +1 − R2 .

(34)

The two-tuple (u 2n , u 2n +1 ) that minimizes mn of (34) will
be chosen as decision. Then, using the inverse mapping, the
receiver recovers vˆ2n , vˆ2n +1 , wˆ 2 n , wˆ 2n and thus estimates
the transmitted bits using (30) – (33).
We wrote two simulation programs using MATLAB that
take into consideration a number of system parameters
including the distance between the two transmit antennas
and also the distance between the two receive antennas. The
first simulation program is for the differential Alamouti
block code, while the second one is for the differential
extended-Alamouti block code. In our simulations, a frame
has L = 50 transmit matrices.

4

Corneliu Eugen D. Sterian, Ion Bănică
Table 1
The parameters of the setup
Antenna spacing

Transmission side

Receiving side

1

1/2λ

1/2λ

2

λ

λ

3

3λ

λ
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The plot of the bit error rate (BER) versus signal-tonoise ratio (SNR) for the differential Alamouti space-time
block code with the antenna spacing (spc) as parameter is
reported as Fig. 1.
We present the simulation results for three couples of
spacing between antennas. In Table 1, the distance between
the two transmit antennas and the distance between the two
receive antennas are given for three different setups, where
λ is the wavelength of the radio frequency carrier.
The worst case is for spc = 1, while the best case is for
spc = 3. However, the performance diminishes graciously
when reducing the distance between collocated antennas.
The plot of the BER versus SNR for differential extendedAlamouti space-time block code is given here as Fig. 2.
It is to be noted that extended-Alamouti QPSK has the
same data rate as Alamouti 16QAM (Quadrature Amplitude
Modulation). However, there is no differential transmission
possible with QAM. Therefore, the novel space-time block
code introduced in this paper can be advantageously used to
enhance the data rate of inter-vehicular transmission when
only noncoherent demodulation is possible. Like the
Alamouti’s, the extended-Alamouti presents itself in two
versions, a nice feature that allows one to design
super-orthogonal space-time trellis codes. This is an
interesting assignment for a future research.
5. CONCLUSIONS

Fig. 1 – Performance of differential QPSK Alamouti space-time
block code.

In this work, we took inspiration from the celebrated
Golden code that can transmit no less than four 2D symbols
in two consecutive channel uses with two transmit
antennas. Nevertheless, it was our intention to design a
noncoherent transmission technique to be used for intervehicular communications where it is not possible to
acquire channel state information at the receiving vehicle.
To this end, we enhanced the differential Alamouti
space-time block code by introducing a clever yet simple
and efficient separation between the two 2D symbols
transmitted by an antenna in a single channel use. We
illustrated our novel differential space-time full-rate block
coding method for the case of QPSK modulation format.
Finally, we reported simulation results in the form of BER
plots. Those results encourage us to confidently propose our
transmission method for inter-vehicular communication.
We contemplate furthering our research work by
considering both forms of Alamouti matrices in order to
design differential extended-Alamouti space-time trellis
codes for still better performance.
Received on November 7, 2017
REFERENCES

Fig. 2 – Performance of differential QPSK extended-Alamouti
space-time block code.

1. C.E.D. Sterian, A survey of coding and modulation techniques for intervehicular communications, International Journal of Vehicular
Telematics and Infotainment, 1, 2, pp. 46–70, 2017.
2. C.E.D. Sterian, M. Pätzold, Y. Wu, Super orthogonal and super quasiorthogonal space-frequency trellis coding using OFDM for broadband
wireless communications, Revue Roumaine de Sciences Techniques,
56, 1, pp. 89–98, 2011.
3. O. Kaiwartya, A.H. Abdullah, Y. Cao, A. Altameem, M. Prasad, C-T.
Lin and X. Liu, Internet of vehicles: motivation, layered architecture,
network model, challenges, and future aspects, September 28,
2016. DOI: 10.1109/ACCESS.2016.2603219.

5

A novel differential space-time full-rate block coding

4. S.M. Alamouti, A simple transmit diversity technique for wireless
communications, IEEE J. Sel. Areas Commun., 16, 8, pp. 1451–1458,
1998.
5. J-C. Belfiore, G. Rekaya, and E. Viterbo, The Golden code: A 2x2 fullrate space-time code with nonvanishing determinants, IEEE Trans.
Inform. Theory, 51, 4, pp. 1432–1436, 2005.
6. P. Dayal and M.K. Varanasi, An optimal two antenna space-time code
and its stacked extensions, IEEE Trans. Inform. Theory, 51, 12,
pp. 4348–4355, 2005.
7. IEEE 802.16e-2005. IEEE Standard for local and metropolitan area
networks – Part 16: Air interface for fixed and mobile broadband
wireless access systems – Amendment 2: Physical layer and
medium access control layers for combined fixed and mobile
operation in licensed bands, 2006.
8. M.O. Sinnokrot and J.R. Barry, Fast maximum-likelihood decoding of the
Golden code. IEEE Trans. Wireless Commun., 9, 1, pp. 26–31, 2010.
9. S. Sirinaunpiboon, A.R.Calderbank, and S.D. Howard, Fast essentially
maximum likelihood decoding of the Golden code. IEEE
Transactions on Information Theory, 57, 6, pp. 3537–3541, 2011.
10. K. Thilagam, K. Jayanthi, Modified Golden codes for improved error
rates through low complexity sphere decoding, Computer Science
and Information Technology, pp. 211–221, 2013, DOI:
10.5121/csit.2013.3522.

93

11. V. Amiri, M.S. Hosseini, A. Lotfi-Rezaabad, and S. Talebi,
Performance enhancement of the Golden code by using ORIOL
antenna, Telecommunications (IST), 8th International Symposium
on, 27–28 Sept. 2016, Teheran, Iran, DOI: 10.1109/ISTEL.
2016.7881827, Date Added to IEEE Xplore: 20 March 2017.
12. S. Ettarfaoui, H.J. Taha and M.M. Himmi, Performance comparison of
Golden and Silver code for STBC MIMO system, Automatic
Control and System Engineering Journal, 16, 1, ICGST, Delaware,
USA, 2016.
13. L. Mroueh, S. Rouquelle-Léveil, G. Rekaya-Ben-Othman, J.-C. Belfiore:
On the performance of the Golden code in BICM-MIMO and in
IEEE 802.11n cases, Forty-First Asilomar Conference on Signals,
Systems and Computers, 4–7 Nov. 2007, Pacific Grove, CA, USA,
DOI: 10.1109/ACSSC.2007.4487489.
14. V. Tarokh and H. Jafarkhani, A differential detection scheme for transmit
diversity, IEEE J. Sel. Areas Commun., 18, 7, pp. 1169–1174, July
2000.
15. C.E.D. Sterian, Y. Ma, M. Pätzold, I. Bănică, H. He, New superorthogonal space-time trellis codes using differential M-PSK for
noncoherent mobile communication systems with two transmit
antennas, Ann. Telecommun., 66, 3/4, pp. 257–273, 2011.
16. C. Caban, C. Mehlführer, L.W. Mayer, and M. Rupp, 2×2 MIMO at
variable antenna distances. Vehicular Technology Conference
VTC Spring, pp. 1311–1315, 2008.
17. S. Joshi, D. Gupta, S.Z. Haque, N. Kothari, and P.C. Bapna, Effect of
antenna spacing on the performance of multiple input multiple
output LTE downlink in an urban microcell. International Journal
of Wireless & Mobile Networks, 4, pp. 175–188, 2012.

