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Abstract: Orthogonal transmitter diversity such as frequency diversity and time diversity is quite simple to implement
and, with optimum signal combining, can take full advantage of fading multipath channels. However, such a scheme
has a bandwidth efficiency that decreases inversely with the number of diversity branches making it less attractive in
wireless communications applications. This paper considers combined orthogonal transmitter diversity and multi-level
linear modulation techniques. The idea is to view the signal constellations of the modulation scheme in an augmented
signal space formed by the modulation signal dimension and the number of branches of the transmitter diversity
scheme. This augmented signal space provides a good spread for the modulation signal points and can be quite efficient
for high-level linear modulation techniques. The obtained results show that this combined scheme, not only improves
the system performance in both additive white Gaussian noise and fading multipath channels, but also improves the
bandwidth efficiency of orthogonal transmitter diversity.

Key words: Orthogonal transmitter diversity, multi-level linear modulation, diversity gain, bandwidth efficiency,
wireless communications.

1 Introduction

Diversity a very good technique for improving the per-
formance of wireless communication links. Orthog-
onal Transmitter Diversity (TD) such as frequency di-
versity and time diversity have some properties that are
quite attractive in wireless communications as they can
provide a diversity gain without the need for multiple
transmit/receive antennas. In general, diversity tries to
solve the signal fading problem in wireless communi-
cation by transmission of several redundant replicas of
the information signal that undergo different multipath
profiles. The idea is that the repetition of the infor-
mation, together with an appropriate combining of the
received signals, will greatly reduce the negative ef-
fects of the radio channel fading. When the replicas of
the same information signal are transmitted over inde-
pendent fading channels, then the probability that all
the signal replicas will fade simultaneously is reduced
considerably. With frequency diversity, replicas of the
same information signal are transmitted on different
frequency carriers giving the possibility to take advan-
tage of the frequency variation of the radio channel.

This can, for instance, be used quite easily in wide-
band OFDM modulation techniques. With time diver-
sity, replicas of the signal are provided in the form of
redundancy in the time domain by means of an er-
ror control code together with a proper interleaving
scheme. The simplest coding scheme is repetitive cod-
ing where the same symbol is transmitted over several
different frequencies or different time slots. The ad-
vantage of repetitive coding is the detection procedure
where after signal combining symbol by symbol detec-
tion is still possible (Ali et al., 1989). The drawback
is ofcourse the bandwidth expansion which makes the
system efficiency decreases inversely with the number
of repetitions.

Bandwidth efficiency, power efficiency, and signal
reliability are important parameters in wireless com-
munications. Increasing the signal quality or reducing
the bit error rate of digital modulated signals in fad-
ing multipath channels without any efficiency loss is
quite difficult. One possible solution to improve the
bandwidth efficiency of orthogonal transmitter diver-
sity techniques is by using multi-level bandwidth effi-
cient modulation techniques such as Quadrature Am-
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plitude Modulation (QAM) and Phase Shift Keying
(PSK). Using these linear modulation techniques and
by increasing the modulation level one can compen-
sate for some of the bandwidth expansion caused by
the transmitter diversity scheme. However, it is well
known that linear modulation techniques are not power
efficient. Hence, increasing the modulation level will
require increasing the transmitted power to ensure the
required quality of service of the system. Power effi-
ciency is a basic requirement in wireless communica-
tion systems to allow small size devises and long bat-
tery life. In such a situation one has to make a compro-
mise between bandwidth expansion and power usage.
A second possible solution is to use coded modulation.
However, the diversity order of coded modulation is
limited by the shortest error event path along its trellis
diagram which is, in general, quite small for practical
TCM schemes (Biglieri et al., 1991).

In this paper we consider combined transmitter di-
versity and multi-level bandwidth efficient modulation
techniques. The main idea is to try to take advan-
tage of the extra dimension provided by the diversity
scheme in improving the power efficiency of the used
modulation without altering the diversity order of the
system. Considering the overall scheme as one entity
we can obtain a transmission scheme than can perform
very well in both additive white Gaussian and fading
multipath channels. This combining procedure does
not increase the complexity at the receiver and con-
secutive received symbols can still be treated indepen-
dently. The full performance potential of this scheme
is obtained by employing a detector based on the Max-
imum Likelihood Sequence Estimation (MLSE) algo-
rithm on a symbol-by-symbol basis.

Combined transmitter diversity and multi-level
modulation can be used in high data rate wireless
communications with Orthogonal Frequency Division
Multiplexing (OFDM) to improve the link quality or
data coverage. For example, using higher-order con-
stellations than the currently used modulations in the
IEEE802.11a and IEEE802.11g compliant systems,
we can improve the power efficiency of the system
without affecting the efficiency of the system and
the operation of the different coding schemes (ETSI,
2000), (ETSI, 1996), (Nee and Prasad, 1999), (Koff-
man and Roman, 2002). The obtained results show
that the performance gain of this combined scheme
relative to conventional orthogonal transmitter diver-
sity increases with increasing the modulation level of
the used linear modulation and also increases with in-
creasing the number of branches.

The system model for orthogonal transmitter di-
versity is given in Section 2. In Section 3, combined
Transmitter Diversity (TD) and multi-level linear mod-
ulation is introduced and discussed for Pulse Ampli-
tude Modulation (PAM) and Quadrature Amplitude
Modulation (QAM). Upper bounds on the symbol er-
ror probability of the combined schemes over both ad-
ditive white Gaussian noise and Rayleigh fading chan-

nels are presented in Section 4. Performance results
obtained from computer simulations and supported by
the bounds derived in Section 4 are presented in Sec-
tion 5. Conclusions are drawn in Section 6 together
with suggestions for further investigations.

2 System Model

Figure 1 shows the baseband representation of a con-
ventional orthogonal transmitter diversity (frequency
or time diversity) system with a total of N branches.
At a given symbol interval, a symbol m with aver-
age energy Es, is transmitted from the transmitter over
the N available branches. Assuming frequency non-
selective fading multipath channel, the channel of each
branch can be modeled by a complex multiplicative
distortion factor. Denoting the channel coefficient of
branch i by hi = αie

jθi , the received signal sam-
ple corresponding to the transmitted symbol m can be
written as follows:

ri = hi
sm√
N

+ zi, i = 0, 1, · · · , N − 1 (1)

where αi is the fading amplitude of channel i with
α2

i = 2σ2, θi is its phase, sm is the baseband mod-
ulated sample of the transmitted symbol m, zi is com-
plex additive white Gaussian noise random variable
with zero mean and power spectral density N0, and the
factor 1/

√
N comes from the fact that the total trans-

mitted power is split between the N diversity branches
of the system.
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Figure 1: Principle of orthogonal transmitter diversity.

The receiver uses the received samples, computes
the maximum likelihood metric of this particular sym-
bol as follows:

C(m, m̂) =
N−1∑
i=0

∣∣∣ri − hiŝm/
√

N
∣∣∣2 (2)

and decides in favor of the symbol that gives the small-
est metric. An error will occur if and only if a symbol
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m̂ �= m within the modulation signal set gives a met-
ric smaller than that given by the actual transmitted
symbol m. In this case, assuming ideal Channel state
Information (CSI), the pairwise error probability1 can
be written as follows:

P2 (sm → ŝm) ≤ 1
2

⎛
⎝ 1

1 + 2σ2|sm−sm̂|2
4N0

⎞
⎠

N

≤ 1
2

⎛
⎝ 1

|sm−sm̂|2
4Eb

⎞
⎠

N

1
γN
0

(3)

where γ0 = 2σ2Eb/N0 is the average Signal-to-Noise
Ratio (SNR).

It is easy to verify that (2) is equivalent to a Max-
imum Ratio Combining (MRC) of the received signal
samples followed by regular symbol-by-symbol detec-
tion (Prakis, 2001), (Alamouti, 1998). Meaning that,
at every symbol interval, the received signal samples
are first linearly combined to give

y =
N−1∑
i=0

h∗
i ri

=
1√
N

(
N−1∑
i=0

α2
i

)
sm +

N−1∑
i=0

h∗
i zi (4)

which is then used to detect the symbol m.

Maximum ratio combining uses the combining co-
efficients that maximizes the signal-to-noise ratio of
the combined signal. From (4), the received instanta-
neous Signal-to-Noise Ratio (SNR) of the combined
signal can be written as follows:

Γ =

(
N−1∑
i=0

α2
i

)
Es

NN0
(5)

which is basically the sum of the SNRs on the different
diversity branches.

When the diversity branches are completely uncor-
related a diversity gain of order N is achieved with this
scheme (Proakis, 2001). As the number of branches
increases, the sum of the fading coefficients in (5) ap-
proaches N and in the limit the instantaneous SNR
converges to Es/N0. Hence, it can be shown that in the
limit as N → +∞, the performance of maximum ratio
combining approaches that obtained over an equiva-
lent ideal channel with AWGN only, i.e., with the same
noise power N0, but no fading. This shows that diver-
sity is a very efficient scheme for wireless communi-
cations and can, infact, transform a fading multipath
channel into an ideal channel with signal time avail-
ability of around 100%.

When the communication channel is ideal with
AWGN only, the multiplicative coefficients are then

1the probability of choosing the symbol m̂ instead of m given
that the symbol m was actually transmitted.

deterministic and equal with αi = 1, ∀i, and the re-
ceived signal-to-noise ratio after signal combining be-
comes

Γ =
Es

N0
(6)

which is independent of the number of branches
N . Hence, the performance of orthogonal trans-
mitter diversity with maximum ratio combining on
AWGN channels is identical to that of one branch and
thus, it does not give any advantages over the non-
diversity scheme and does not depend on the number
of branches. This indicates that when the correlation
between the different branches increases, the perfor-
mance of conventional orthogonal transmitter diversity
deteriorates and we may end up with nothing in return
for the bandwidth expansion (frequency diversity) or
efficiency loss (time diversity). When designing a di-
versity scheme one should make sure that the scheme
will operate well over different environments and not
only when the diversity branches are perfectly uncorre-
lated. Diversity techniques provide an extra dimension
to the communication system that should be exploited
well and preferably in most environments.

3 Combined Transmitter Diver-
sity and Multi-Level Modula-
tion

Let us consider the case of 4-level Pulse Amplitude
Modulation (4PAM) scheme with the signal constella-
tions as shown in Figure 2 where gray mapping has
been assumed. Now, if this modulation scheme is
used with a conventional orthogonal transmitter diver-
sity with signal combining according to (2) then the
signal constellations of the combined signal becomes
two-dimensional as shown in Figure 3. Note that the
signal space still appears as a one dimensional (identi-
cal to that of Figure 2) signal space even though we
are using two dimensions. In fact, this observation
is true for any number of branches where the signal
space dimension of the used modulation scheme stays
always the same regardless of the number of diversity
branches used. This explains why orthogonal transmit-
ter diversity does not give any advantages when there
is no difference between the channel amplitudes of the
different channel branches. Hence, conventional or-
thogonal transmitter diversity does not take full advan-
tage of the system dimension (which is two in the case
of Figure 3). Taking advantage of the available system
dimension we may improve the system performance as
compared to the non-diversity case under any channel
conditions. The increase in the dimension of the sig-
nal space of the combined signal provides more room
for the signal points of the modulation scheme. This
extra room makes it possible to increase the distance
between the signal points and hence improving the bit
error probability of the system over AWGN channels
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and fading channels. For instance, with a simple ma-
nipulation, the signal constellations of the combined
signal of Figure 3 can be optimized to give the sig-
nal constellations of Figure 4. We can easily see that
the obtained signal points are now better spread in this
augmented signal space with a minimum squared Eu-
clidean distance between the signal points 4 dB better
than that of the conventional case (Figure 3). Here,
the result of Figure 4 indicates that in order to take
full advantage of the augmented signal space obtained
through orthogonal transmitter diversity, one has to use
different signal constellations on the different diversity
branches. For the case of a combined two branch trans-
mitter diversity and 4PAM, one should use the constel-
lations {00, 01, 11, 10} on the first branch and the con-
stellations {11, 00, 10, 01} on the second branch. With
a higher number of branches different signal constel-
lations for the different branches can be obtained by
inspection as done in Figure 4 or through computer
search. With computer search, one tries to maximize
the minimum squared Euclidean distance between the
different signal points of the used modulation scheme
through different combinations and then selects the set
of constellations that gives the best result. Note that
this combined scheme does apply to binary modula-
tion since binary modulation can be optimized within
one-dimensional signal space.

With this combined scheme, the receiver uses a
modified version of the metric given in (2) in the signal
detection. Denoting by s

(i)
m the baseband modulated

sample of symbol m at branch i, the modified metric
becomes:

C(m, m̂) =
N−1∑
i=0

∣∣∣ri − hiŝ
(i)
m /

√
N
∣∣∣2 . (7)

At the receiver side, the set of samples, {s(i)
m̂ }, that

minimizes the above metric is selected as the transmit-
ted set.

00 01 1011
real

Figure 2: Signal constellations of 4PAM.

4 Performance Analysis

Using the metric given in (7), the detector will make an
error if it chooses the symbol m̂ given that the symbol
m �= m̂ was transmitted. This error event will occur
with probability

P2 (m → m̂) = P (C(m,m) > C(m, m̂)) (8)
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Figure 3: Signal constellations of the combined signal
for conventional transmitter diversity with 4PAM and
MRC combining.
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Figure 4: Signal constellations of the combined sig-
nal for combined transmitter diversity with 4PAM and
MRC combining.

For an AWGN channel, the above pairwise error
probability becomes:

P2 (m → m̂) = Q

⎛
⎝
√

D2(sm, sm̂)
2N0

⎞
⎠ (9)

where

Q(x) =
1√
2π

∫ +∞

x

e−t2/2dt

is the Q-function and

D2(sm, sm̂) =
1
N

N−1∑
i=0

|s(i)
m − s

(i)
m̂ |2

is the squared Euclidean distance between the trans-
mitted sequence {s(i)

m } and the sequence {s(i)
m̂ } se-

lected by the detector.

Averaging over all possible candidate symbols and
all transmitted symbols, an upper bound on the average
symbol error probability of the combined scheme can
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be derived and is given by

Ps ≤ 1
M

M−1∑
m=1

∑
m̂ �=m

Q

⎛
⎝
√

D2(sm, sm̂)
2N0

⎞
⎠ (10)

where N is the number of branches. Clearly, the sym-
bol error probability of the combined system is depen-
dent on the signal sets used on each branch, the number
of branches, and the modulation level.

For instance, for the case of 16QAM scheme, the
modulation sets can be determined following the pro-
cedure described in the previous section and an upper
bound on the symbol error probability can be derived
and is given by

Ps ≤

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2Q
(√

4Eb

5N0

)
N = 1

4Q
(√

2Eb

N0

)
+ 2Q

(√
4Eb

N0

)
N = 2

2Q
(√

2.4Eb

N0

)
+ 2Q

(√
2.6Eb

N0

)
+ 2Q

(√
3Eb

N0

)
N = 4

6Q
(√

8Eb

3N0

)
N = 6

Note that when the number of branches increases
the Squared Euclidean distance between the different
signal points of the combined signal become more bal-
anced and in the limit all the signal points become
equidistant from each other in the new augmented sig-
nal space (similar to orthogonal signaling schemes).
The above expression shows that at N = 6, the signal
points of the inphase (or quadrature) component of the
16QAM scheme are all at the same distance from each
other.

For Rayleigh fading channels and with uncorre-
lated branches, an upper bound on the symbol er-
ror probability of combined transmitter diversity and
multi-level modulation can be derived in a manner
similar to the case of the AWGN channel.

For a given fading channel observation, an upper
bound on the symbol error probability of combined
transmitter diversity and multi-level modulation can be
written as

Ps(E|h) ≤ 1
M

M−1∑
m=1

∑
m̂�=m

Q

⎛
⎝
√

D2
h(sm, sm̂)

2N0

⎞
⎠ (11)

where

D2
h(sm, sm̂) =

1
N

N−1∑
i=0

α2
i |s(i)

m − s
(i)
m̂ |2

is the weighted squared Euclidean distance between
the transmitted sequence {s(i)

m } and the sequence
{s(i)

m̂ } selected by the detector and

h = {h0, h1, · · · , hN−1}

is the set of fading coefficients during the observed
symbol interval.

Averaging the above expression over the proba-
bility density functions of the fading coefficients, the
upper bound on the symbol error probability over
Rayleigh fading channels becomes (Slimane and Le-
Ngoc, 1995)

Ps ≤ 1
M

⎡
⎣ N∑

j=1

(
2N − j − 1

N − 1

)
2j−2N

(1 + xmin)2

⎤
⎦

×
M−1∑
m=1

∑
m̂�=m

N−1∏
i=0

⎛
⎝ 1

1 + 2σ2|s(i)
m −s

(i)
m̂ |2

4NN0

⎞
⎠

where

xmin = min
∀m �=k

√
2σ2|sm − sk|2/(4N0)

N + 2σ2|sm − sk|2/(4N0)

which has the same diversity order as that of the reg-
ular case (see eq. (3)) but a product distance that de-
pends on the selected set. When the modulation signal
constellations sets are properly selected, a better prod-
uct distance is obtained and the overall system perfor-
mance is improved.

Applying the above upper bound to the 16QAM
scheme we get

Ps ≤
[

1
1 + x1

]
1

1 + 0.4γ0
, N = 1,

Ps ≤
[

1
1 + x2

+
1

(1 + x2)
2

]
1

1 + 0.2γ0

×
[

1
1 + 0.8γ0

+
0.5

1 + 1.8γ0

]
, N = 2,

where

xN =
√

0.4γ0

N + 0.4γ0
, and γ0 =

2σ2Eb

N0

Similar calculations can be done for larger number
of branches and for higher levels MQAM schemes.

5 Simulation Results

To illustrate the performance of combined orthogo-
nal transmitter diversity and multi-level modulation we
considered 16-level Quadrature Amplitude (16QAM)
and 64QAM modulations and different number of
branches. The fading multipath channel is assumed
slowly varying Rayleigh distributed and uncorrelated
between the diversity branches. We will also con-
sider the system performance under ideal conditions
where the transmitted signal is affected by additive
white Gaussian noise only.
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Figure 5 shows both simulation results and upper
bounds for the average symbol error probability of
combined TD 16QAM over additive white Gaussian
noise channels as a function of Eb/N0 and for different
number of branches. It is observed that by increasing
the number of branches, better error probability per-
formance is obtained. Compared to the conventional
transmitter diversity case2, a gain of about 4 dB is ob-
tained when two branches are used. This gain is in-
creased to about 4.7 dB when using four branches. We
also notice that the upper bound on the average symbol
error probability is very tight and can be used to pre-
dict the performance of combined transmitter diversity
MQAM without the need for extensive simulations.
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Figure 5: Average symbol error probability of com-
bined TD 16QAM over AWGN channels and for dif-
ferent number of branches.

This obtained power gain can be used to improve
the bandwidth efficiency of orthogonal TD systems.
We know that a two branch combined TD 16QAM has
the same bandwidth efficiency as uncoded QPSK mod-
ulation (2 bits/s/Hz), and a four branch combined TD
16QAM has the same bandwidth efficiency as uncoded
BPSK modulation (1 bit/s/Hz). Figure 6 shows that a
two branch combined TD 16QAM has a similar bit er-
ror probability as QPSK modulation and a four branch
combined TD 16QAM outperforms BPSK by about 1
dB. Hence, by using this combined diversity scheme
we can compensate for the efficiency loss that exists in
conventional orthogonal TD schemes with almost no
increase in complexity.

Figure 7 illustrates the average bit error probability
of the combined scheme over Rayleigh fading chan-
nels as a function of Eb/N0 and for different number
of branches. Also included in the figure is the bit error
probability of conventional transmitter diversity. We
notice that both schemes have the same diversity order
but the combined transmitter diversity scheme outper-
forms the conventional scheme due to the nice spread
of the signal constellations of the combined scheme
that gives a larger product distance. The upper bound

2As indicated earlier, the performance of conventional orthogo-
nal TD over AWGN channels is identical to that of the non-diversity
case (one branch only) regardless of the number of branches.
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Figure 6: Performance comparison of the combined
TD scheme to non-diversity schemes that have the
same bandwidth efficiency over AWGN channels.

on the symbol error probability of the combined TD
16QAM is illustrated in Figure 8 for different number
of branches. We notice that these upper bounds are
very tight for fading channels as well.
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Figure 7: Average bit error probability of combined
TD 16QAM over Rayleigh fading channels and for dif-
ferent number of branches.

Figure 9 illustrates the average bit error probabil-
ity of combined TD 64QAM over AWGN channels
as a function of Eb/N0 and for different number of
branches. We notice the same trend here where the av-
erage bit error probability improves when increasing
the number of branches. However, the performance
gain as compared to the conventional case is more pro-
nounced here. For instance, two branch combined TD
64QAM performs about 7 dB better than conventional
TD and six branch combined TD 64QAM performs
about 9 dB better than the conventional TD scheme.
We also notice that the bit error probability of six
branch combined TD 64QAM is comparable to that
of QPSK which shows the possibility of improving the
bandwidth efficiency as compared to conventional TD
schemes. The upper bound on the symbol error prob-
ability of combined transmitter diversity and 64QAM
on AWGN channels is illustrated in Figure 10 where
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Figure 8: Average symbol error probability of com-
bined TD 16QAM over Rayleigh fading channels and
for different number of branches.

we notice a perfect match with the simulation results.

Figure 11 shows the bit error of combined TD
64QAM over Rayleigh fading channels where we no-
tice that considerable performance gain as compared
to conventional TD has been obtained.
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Figure 9: Average bit error probability of combined
TD 64QAM over AWGN channels and for different
number of branches.

Figure 11 shows the bit error of combined TD
64QAM over Rayleigh fading channels where we no-
tice that considerable performance gain as compared
to conventional TD has been obtained.

6 Conclusions

This paper discussed the use of multi-level linear mod-
ulation in orthogonal transmitter diversity such as fre-
quency diversity and time diversity. Multi-level lin-
ear modulation techniques are bandwidth efficient but
they are not power efficient. The lack of power effi-
ciency of multi-level modulation is due to the limited
dimension of its signal space which is less or equal to
two. When used with orthogonal transmitter diversity,
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Figure 10: Average symbol error probability of com-
bined TD 64QAM over AWGN channels and for dif-
ferent number of branches.
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Figure 11: Average bit error probability of combined
TD 64QAM over Rayleigh fading channels and for dif-
ferent number of branches.

there is a possibility for increasing its signal dimension
and a potential for improving its power efficiency. By
viewing the modulation dimension and the branches
of the diversity scheme as an augmented signal space
for the modulation signal points, good bit error rate
performance over both AWGN channels and Rayleigh
fading channels has been obtained. The obtained sim-
ulation results and upper bounds showed that this per-
formance gain increases with the number of branches
and with the modulation level. Hence, this combined
scheme can be used to solve the problem of bandwidth
efficiency loss seen in regular orthogonal transmitter
diversity without any increase in receiver complexity.
It can also provides good power saving even when the
diversity branches of the wireless system are very cor-
related.

The results presented in this paper are for uncoded
linear modulation schemes only. Combined Trellis
Coded Modulation (TCM) schemes and transmitter di-
versity and the interaction between coding and diver-
sity branches is a natural extension of this work.
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