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Abstract — In this paper we propose a transmission
concept that combines phase hopping and space-time
coding to enable eﬃcient multi-antenna transmission.
The proposed space-time code can be considered as
a non-orthogonal construction, a sibling of the ABBA
code proposed in [7]. The transmission concept proposed here has the advantage that is can be utilized
on top of the Alamouti code, essentially without any
complexity increase in the terminal demodulator or
decoder.
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Introduction

The third generation WCDMA system, currently being
deﬁned in 3GPP has two transmit diversity modes. The
closed-loop mode applies terminal-to-base feedback in an
attempt to maximize the received signal-to-noise ratio.
The closed-loop techniques give remarkable gains with
multiple transmit antennas if the feedback signal is highly
correlated with the actual downlink channel.
Various open-loop transmit diversity techniques that apply linear or non-linear preprocessing techniques to combat the fading channel have been proposed recently, see
e.g. [13] and [8]. The framework in [8] subsumes also
the antenna hopping (also called time-division-transmitdiversity (TSTD) in 3GPP[15]), and some frequency oﬀset based solutions [5, 3], and OTD related code-domain
solutions [12] as special cases.
The currently adopted open-loop concept applies the two
dimensional full rate space-time code[1], known as SpaceTime Transmit Diversity (STTD) in 3GPP. However, it
is well known that space-time block codes with symbol
rate 1 exist only for up to two transmit antennas, see e.g.
[9]. When extending the number of transmit antennas beyond two a number of tradeoﬀs arise, when keeping the
overall coding rate ﬁxed. In order to avoid rate matching problems it is highly desirable to construct a rate 1
space-time modulator. One possibility is to adopt a suboptimal concept that combines STTD and Orthogonal
Transmit Diversity (OTD)[17], or some other code multiplexing approach[2]. This are eﬀectively solutions that

achieves only order to diversity, and the concepts are very
sensitive to interleaver design.
Another family of solutions is to maintain full diversity
and full rate, but at the expense of code orthogonality.
Such codes and related transmssion concepts were proposed in [7, 6]. These codes perform well but require a
more complex receiver (eﬀectively a joint detector) in order to squeeze out the full potential of the code construction. In this paper we follow a slightly diﬀerent approach
and propose a code construction, which improves performance in the presence of channel coding (with or without
channel interleaving) and which yields signiﬁcant gains
with a simple receiver.

2

Open-Loop Diversity

The most well known open-loop techniques include delaydiversity[13] and frequency-oﬀset diversity[5]. In certain
cases these can be used as add-on features, without a need
to change the system speciﬁcation. In CDMA systems
one could also achieve full diversity by allocating multiple channelization codes to a given user and transmitting
the information in parallel from M antennas. This, however, would aﬀect the system operation, as the number
of orthogonal codes is limited. Orthogonal Transmit Diversity (OTD)[17] applies the same basic concept with
the exception that diﬀerent substreams are transmitted
from diﬀerent antennas using M -time longer orthogonal
codes. This does not provide full diversity, and may cause
signiﬁcant interleaver design problems.
Space-time block codes[1, 11, 4] provide a number of interesting solutions when designing systems that are required
to achieve full diversity. In order to realize the gains
fully most of the the proposed approaches require suﬃciently uncorrelated channel coeﬃcients and that these
coeﬃcients can be easily estimated suﬃciently well in the
receiver. With imperfect channel knowledge the orthogonal space-time block codes are only quasi-orthogonal.
However, the diversity gain obtained by space-time block
codes is mostly needed in slowly fading channels, which
can be typically estimated rather accurately. Hence, the

imperfection due to channel mismatch often causes only
a small loss in performance. On the other hand, when
the number of transmit elements is increased a number
of trade-oﬀs arise. Namely, one has to balance between
simple decoding (code orthogonality), code rate, and the
diversity gain. It is likely that in future systems the
data rate cannot be compromised and therefore a nonorthogonal full rate space-time code was proposed in [7].
This construction, and in fact any non-orthogonal spacetime block code of arbitrary rate, can be combined with a
randomization technique which further improves the performance in the presence of channel coding.

ABBA: The Alamouti code deﬁned for two Tx antennas
is used as a building block of the ABBA1 code deﬁned for
3 or 4 transmit antennas as follows


C(S1 , S2 ) C(S3 , S4 )
CABBA (S1 , S2 , S2 , S4 ) =
(5)
C(S3 , S4 ) C(S1 , S2 )

The space-time matched ﬁlter for the Alamouti code is
given in equation (3) and for ABBA the decoding matrix
is


H(α1 , α2 ) H(α3 , α4)
.
HABBA (α1 , α2 , α2, α4 ) =
H(α3 , α4 ) H(α1 , α2)
(6)
2.1 Alamouti code (STTD)
The non-orthogonality of this particular space-time code
The Alamouti code[1] (a.k.a in 3GPP as space–time manifests itself as correlation coeﬃcient b in the correlatransmit diversity, STTD), has symbol rate 1, and it oper- tion matrix
ates as follows. Two complex modulation symbols S1 , S2


a 0 b 0
are transmitted from two antennas during two symbol
 0 a 0 b 
H
intervals, with the code matrix

HABBA
HABBA = 
(7)
 b 0 a 0 ,


0 b 0 a
S1
S2
.
(1)
C(S1 , S2 ) =
∗
∗
−S2 S1
where
(8)
b = 2 Re [α1 α∗3 + α2 α∗4 ]
In an one-tap channel with coeﬃcient α1 and α2 , the received symbol vector (assuming one Rx antenna for sim- and
plicity) is
(9)
a=
|α |2 .


r=

S1 α1 + S2 α2
S1∗ α2 − S2∗ α1

i



+ noise .

(2)

It is well known that this construction is orthogonal and
that the decoding matrix is given by


α1
α2
H(α1 , α2 ) =
.
(3)
α∗2 −α∗1
2.2

Three or Four Transmit Antennas

2.2.1 Orthogonal Designs For three and four Tx antennas, a full diversity space-time block code was proposed
in [11]. The proposed code has rate 3/4. Moreover, it is
problematic due to its severe power-imbalance; the power
transmitted from a given antenna ﬂuctuates between different symbol intervals. Another code, with the same
properties (in terms of performance) was proposed in [9]


S1
 −S2∗
C(S1 , S2 , S3 ) = 
 −S3∗
0

S2
S1∗
0
S3∗

S3
0
S1∗
−S2∗


0
−S3 
 .
S2 
S1

(4)

where the peak to average power ratio is slightly
smaller[9]. Nevertheless, the code rate remains at 3/4.

where αi is the complex channel channel coeﬃcient between antenna i the the receiving antenna.
Randomized ABBA (RABBA): Randomization can
be used to improve ABBA in slowly fading channels where
the correlation coeﬃcient b remains eﬀectively constant
over a coding block. In order to provide (self-)interference
diversity we proposed a method to randomize the correlation between diﬀerent space-time coded blocks[6], which
is summarized below. In some cases proper randomization may even enable us to dispose of channel interleaving,
and thereby to reduce the transmission delay.
One approach to achieve randomization is to weight at
least one antenna output by a constant amplitude (complex) signal, changing pseudo-randomly after each ABBA
block. The pseudo-random sequence would be known to
the receiver, who could thus use e.g. common channels for
channel estimation. For example, the coeﬃcient exp(jθt )
can be applied to two ABBA rows (e.g. rows 3 and 4),
and the coeﬃcient is changed after each ABBA block. In
addition gain gm (possibly time-varying) can be applied
for antenna m. Then the correlation coeﬃcient takes the
value
bt = 2 Re [exp(jθt )g1 α1 g3 α∗3 + exp(jθt )g2 α2 g4 α∗4 ]. (10)

2.2.2 Non-orthogonal designs Non-orthogonal designs Typically, we like to keep all gains equal, in order to maxcompromise code orthogonality in order to achieve imize diversity. However, it can be seen that with unequal
increase the code rate. An example for a rate 1 design is gains the correlations are reduced and therefore a simpler
1 The name ”ABBA” stems from the block structure where two
given below.
Alamouti codes A and B are as building blocks, see [7] for details.

1−tap Rayleigh, 3Kmph, PC off, Rate=1/3 Convolutional Code

decoder may suﬃce. In fact, if for example g1 = g2 = 0 we
obtain the two antenna Alamouti code. If only g3 = 0 we
get three antenna transmission with diﬀerent interference
statistics, and so on. With the phase evenly distributed,
this clearly randomizes the interference coeﬃcient without changing the eﬀective correlation averaged over time
and without sacriﬁcing the diversity gain. 2

1−ant
2−ant STTD
4−ant Trombi
4−ant STTD+OTD
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The scheme described above can be considered as a spe10
cial case of a generic scheme in which the performance of
an arbitrary space-time code is improved by ergodizing
the channel[6]. Indeed, any space-time code can be described in terms of a T × N code-matrix C of the form
(1,4), transmitting some symbol from N antennas during
T symbol intervals. Unitary transformations can be ap0
2
4
6
8
10
12
plied on the matrix from both sides, C̃ = U CV . For a
Eb/No
non-orthogonal code unitary transformations change the
correlations, as seen above. Due to the simple form of Figure 1: Performance of single antenna transmission,
the ABBA non-orthogonality (7), the unitary transforma- STTD (with 2 tx antennas) STTD-OTD transmission,
tions for RABBA are of the simple form described above. and Trombi transmission, in a single path Rayleigh fading
channel at 3km/h.
2.3 Phase hopping STTD (“Trombi”)
Yet another “non-orthogonal” design can be constructed
e.g. as follows


C(S1 , S2 )
exp(jθt )C(S1 , S2 )
Ctr (S1 , S2 , S2 , S4 ) =
C(S3 , S4 ) exp(jθt−1 )C(S3 , S4 )
(11)
where {θt } is a phase hopping sequence. In this construction we have two identical copies of the Alamouti code
(or some other orthogonal space-time code) and the are
summed together with pseudo-random phases. In general, of course, there can be a diﬀerent phase hopping
patterns in diﬀerent antennas. We call code constructions
of this type “Trombi” in the following.
In the Trombi construction the terminal sees a linear combination of the channels. In the following we assume that
there are two diﬀerent phase hopping patters, each randomizing one branch of the STTD code. Then, the effective received channels for two successive symbols (at
the input the STTD decoder after signal combining) are
given by
α̃1 = α1 + exp(jθ1 )α2 ,
(12)
α̃2 = α3 + exp(jθ2 )α4 ,

(13)

and these can be used in the STTD decoder in place of
the actual channel coeﬃcients. Preferably the phase hopping coeﬃcients are deﬁned jointly so that exp(jθ1 ) =
− exp(jθ2 ), since this will induce no performance loss in
AWGN channel. However, if the channels are uncorrelated arbitrary hopping patterns are equally good (e.g.
the one given above). One can for example use hopping
patterns from an 8 − P SK constellation.
The Trombi code can be applied either so that the terminal measures only the eﬀective channels (in which no
2 In highly correlated channels it may

weight for antennas 3 and 4.

be sensible to use a diﬀerent

−2

change to 3G speciﬁcation is needed) or by enabling
channel estimation for each of the constituent channels
α1 , α2 , α3, α4 (e.g. by using common pilot channels) from
which eﬀective channels can be derived, together with the
known hopping patterns. In the latter case the dedicated
hopping pattern can be arbitrary, since the channel estimation performance need not be compromized. We note
in passing that this concept can be combined easily with
the current closed-loop modes, where the “hopping pattern” is optimzed with terminal to base feedback.

3

Performance

We consider rate 1/3 convolutional coded transmission
in a Rayleigh fading channel. The signal is transmitted QPSK modulated using either single transmit antenna, STTD (two transmit antennas), Combined OTD
and STTD[17] (with improved interleaving), or Trombi.
The performance of the diﬀerent open-loop concepts are
given in Fig. 1 and Fig. 2. The simulation assumptions
are summarized in Table 1.
channel
modulation
encoding
interleaving
Power control
Randomization

Rayleigh fading, single path
QPSK
rate 1/3 CC
Block (two interleavers for
OTD)
Oﬀ
300 Hz Phase hopping sequence for Trombi

Table 1: Simulation Assumptions

1−tap Rayleigh, 50Kmph, PC off, Rate=1/3 Convolutional Code
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Figure 2: Performance of single antenna transmission,
STTD (with 2 tx antennas) STTD-OTD transmission,
and Trombi transmission, in a single path Rayleigh fading
channel at 50km/h.
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[9]
We note that the performance of Combined STTD+OTD
is signiﬁcantly worse if the WCDMA interleaver is used,
in place of two separate interleavers applied here for the
[10]
OTD branches.
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Conclusion

O. Tirkkonen and A. Hottinen, “Complex space-time
block codes for four tx antennas,” in Proc. IEEE
Globecom, San Francisco, CA., November, 2000
V. Tarokh, A. Naguib, N. Seshadri and A. R. Calderbank, “Space-time codes for high data rate wireless communications: performance criteria,” in Proc.
IEEE Int. Conf. Commun., Montreal, Canada, June
1997.

In this paper we have discussed multi-antenna transmission concepts that are currently being considered for the
[11] V. Tarokh, H. Jafarkhani and A. R. CalderWCDMA system. The open-loop concept proposed in
bank, “Space-time clock coding for wireless comthe paper (Trombi) can be used eﬀectively with the curmunications: theory of generalized orthogonal derent STTD decoder, with only marginal changes to the
signs,”IEEE Trans. Inf. Th., 1999.
system description (if any). The performance gain with
the proposed four antenna transmission concepts, when [12] V. Weerackody, “Diversity for the direct-sequence
compared to two antenna transmission (STTD) is considspread spectrum system using multiple transmit anerable.
tennas,” in Proc. IEEE Int. Conf. Comm., Geneva,
Switzerland, 1993.
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