Journal of Southeast University (English Edition) Vol. 33, No. 3, pp. 266 —272 Sept. 2017 ISSN 1003—7985

Design of an adaptive precoding/STBC baseband transceiver
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Abstract: Precoding and space-time block coding ( STBC)
techniques using the uniform channel decomposition (UCD)
are proposed to improve the bit error rate ( BER) of the
multiple-antenna communication system, but at a cost of a
reduced data rate. In order to achieve a higher overall system
performance, a novel adaptive transceiver architecture which
flexibly combines both UCD and UCD + STBC technologies is
proposed. The channel state information (CSI) feedback path
was added to the precoder to select which coding method was
to be used, UCD alone or UCD + STBC. With the
smaller constellation sizes,

i. e.
Matlab simulation results show
that, the adaptive transceiver architecture will select the UCD-
only mode under the higher SNR conditions in order to achieve
a higher bit rate. The UCD + STBC mode will be selected
under the lower SNR conditions (e. g., SNR < 10 dB) in
order to maintain good BER performance at the cost of a
reduced data rate. This architecture was implemented and
verified using both UMC 0. 18 ASIC process technology and a
Xilinx xc4vlx Virtex-4 FPGA at 150 MHz.
results demonstrate that the required number of reconfigurable

The simulation

arithmetic unit slices grows linearly with the channel matrix
size, while the number of adder array unit and reconfigurable
logic unit slices increases slightly with the constellation size.
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he channel capacity of multiple-input multiple-output

MIMO is limited by channel correlations, and pre-
coding methods can be used to address this problem. The
singular value decomposition (SVD)'"', which partitions a
MIMO channel into multiple parallel sub-channels, and the
water-filling technique can be used to achieve the channel
capacity. However, due to the different signal-to-noise ra-
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tios ( SNRs) of the sub-channels, this scheme requires
careful bit allocation to match the sub-channel capacity and
to achieve a high bit error rate (BER). The geometric
mean decomposition (GMD) " does not need to make a
tradeoff between data rate and BER performance. In-
stead, it can optimize both aspects simultaneously at a
high SNR, but it may suffer from considerable capacity
loss at a low SNR due to the zero-forcing operation. The
uniform channel decomposition (UCD) "™ is capacity loss
at any SNR and has maximal diversity gain. It can de-
compose a MIMO channel into any number of independ-
ent sub-channels and is able to achieve a high data rate
transmission using small constellation sizes.

Improving the data transmission reliability is another
benefit of using MIMO systems. The space-time block
coding (STBC) "' technique is the simplest way to achieve
this goal using orthogonal designs at the transmitter to ob-
tain a linear decoding complexity at the receiver.

The use of precoding and STBC may lead to capacity
and reliability benefits', but simply combining these two
schemes together will not necessarily achieve a good
tradeoff between data rate and diversity gain. Using a
closed-loop strategy'”’ for slowly time-varying channels,
in which the channel information is fed back to the trans-
mitter, we propose an adaptive transceiver architecture
that adjusts its baseband processing algorithms according
to the current channel conditions. The proposed transceiv-
er determines the appropriate application of UCD and ST-
BC processing according to the channel state information
(CSI). Specifically, UCD alone is used at a high SNR
while a combined UCD and STBC scheme (UCD + ST-
BC) is used at a low SNR. We have mapped this adap-
tive transceiver model onto a previously proposed recon-
figurable platform™™"
ble in that platform can support the necessary processing
modes (i.e., UCD and UCD + STBC), as well as a wide
range of channel matrix sizes and signal constellations.

. The flexible execute units availa-

1 Modeling the Adaptive Transceiver

In this section, we will first briefly review the UCD
and the UCD + STBC algorithms and then propose the
adaptive transceiver model.

1.1 UCD scheme

We consider a MIMO system with M, transmitting
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antennas and M, receiving antennas in a pseudo-static flat
fading channel with a channel model of y = HFx + z,
where H e C"™ is the MIMO channel matrix, x e C**'
is the transmitted signal pre-coded by F e C**", L is the
desired number of independent subchannels, y e C"*' is
the received signal and z ~ N(0, "1 u) 18 @ zero-mean cir-
cularly symmetric complex Gaussian noise vector. Using
the SVD, the channel matrix H can be decomposed into H
=UAV", where ( + )"
transpose, and A is a K x K diagonal matrix whose diago-
nal elements are the nonzero singular values of H. The
matrix F in the UCD scheme can be represented as'"*

F=V®p"0" (1)

indicates the complex conjugate

where 2 e C"**¥ is a semi-unitary matrix and @ is a diag-
onal matrix whose k-th diagonal element determines the
power filled into the k-th sub-channel by the water-filling
algorithm. The virtual channel is given by G = HF =
UA®'’ Q" , and the augmented matrix is denoted as G,
UAD' Q"

) [ Jal, ]

The UCD scheme is based on the closed-form represen-
tation of the VBLAST algorithm using MMSE nulling
vectors. The nulling vectors used for signal detection in

. 47
the receiver are'"

wizrji;qud,i i=1,2,--,L (2)

where r, , is the i-th diagonal element of R, ; ¢ , is the i-
th column of the matrix containing the first M, rows of
0 , and Q; and R, are the QR decomposition of G, in
which the diagonal elements of the upper-triangular ma-
trix R, have equal values'*'. In this way, information sig-
nals can be decoded sequentially using the sequential in-
terference cancellation ( SIC) procedure.

1.2 UCD + STBC scheme

In a closed-loop system, the receiver can feed back the
precoding matrix F to the transmitter that is provided by
UCD; meanwhile, the UCD block also produces a vector
w that is used in the receiver for SIC-MMSE detection. A
previously proposed combined UCD and STBC transceiv-
er structure is shown in Fig. 1",

Linear
combiner

Information
bits

Channel
estimation|

Fig.1 Conventional structure for UCD combined with STBC

The UCD + STBC configuration can be regarded as a
form of joint coding, with STBC as the inner code and
UCD as the outer code. Assuming 4 transmitting antennas
and 2 receiving antennas, the block fading MIMO chan-

nel is

H— hl] h21 g]] g21 (3)
- h]2 h22 ng g22

Using the 2 x2 Alamouti coding matrix, four modula-
ted information symbols (¢, ,¢c,,s,,s,) are transmitted in
two consecutive time slots over 4 transmitting antennas,
and the received signals during these two time slots are

r, =h11c1 +h21cz +815 +8x5, Ny, (4)
ry = _hllcé +h2101* _gnsz. +8,u8 t1Mn (5)

As described in Ref. [12 ], the Alamouti channel matrix
[H, G,] for the first receiving antenna is given by

h21
- h]*]]

Similarly, we can obtain the received signals (r,,,r,,)

[gll 8
1=

e ] o

gz*l -8

during two time slots at the second receiving antenna as
well as the Alamouti channel matrix [ H, G, ] for the
second receiving antenna. Then, the overall received sig-
nal vector is

H G
r, 1 t]re m

= = 7
’ [rz] [Hz Gz][S]+[7lz] b
cz]Ta

«qT «qT

s=[s, s2]Ts 7 :[7711 7]12] s 772:[1721 7]22] .
From Fig. 1, the effective channel with the UCD

scheme is the Alamouti STBC channel with the linear
combiner ;

where r, =[r11 rl*z]T, r, =[r21 rz*z]Ta c= [cl

H =

e

[Hl Gl]* H, Gl] )

H, G, H, G,
The transmit/receive relationship can be expressed as
y=HFx +z (9)
and then the SIC-MMSE detection procedure can be applied.
1.3 Proposed adaptive transceiver scheme

In our proposed adaptive system, we add the CSI feed-
back path to the precoder to select which coding method
is to be used, i. e. UCD alone or UCD + STBC, as
shown in Fig. 2. In the simulations, we assume that a
transceiver has 4 available antennas. When operating as a
receiver, all 4 antennas are used in the UCD mode, while
2 antennas are used in the UCD + STBC mode.

Fig. 3 presents Matlab simulation results under both
UCD and UCD + STBC with BPSK, QPSK, 16-QAM

Linear
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F \/ kd
* Channel
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Fig.2 The proposed adaptive transceiver structure
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and 64-QAM, using 500 channel trials and a 3 000 bit
test length. From Fig. 3, we can see that UCD + STBC
achieves much better BER performance under poor chan-
nel conditions (e.g., SNR < 10 dB), while UCD per-
forms well at a higher SNR. Thus, in the adaptive trans-
ceiver design, the UCD mode will be selected under good
channel conditions, i. e. at a high SNR, in order to a-
chieve a higher bit rate. On the other hand, UCD + ST-
BC will be selected under poor channel conditions in or-
der to maintain good BER performance at the cost of a re-
duced data rate.
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Fig.3  Performance comparison of UCD and UCD + STBC.
(a) Simulation result of UCD(M, =4); (b) Simulation result of UCD

+STBC(M, =2)

Moreover, given a fixed transmission power, UCD and
UCD + STBC both perform better when smaller constella-
tion sizes are used (e. g., BPSK, QPSK, 16-QAM) ,
particularly at a higher SNR, and they perform less well
with larger constellations (e. g. , 64-QAM) , particularly
in the case of UCD. Therefore, the adaptive selection be-
tween UCD and UCD + STBC based on the channel con-
ditions will only be applied when smaller constellation si-
zes are used, while UCD + STBC will always be used
with larger constellation sizes.

2 Reconfigurable Hardware Implementation

The implementation of the adaptive transceiver must
achieve a suitable tradeoff between hardware flexibility
and implementation complexity. In particular, it needs to
be flexible enough to accommodate both UCD and UCD
+ STBC baseband processing, various sizes of channel
matrices, and a range of possible constellations. In this
section, we will demonstrate that a reconfigurable, heter-
ogeneous baseband processing platform proposed in Ref.
[8 —11] can meet all of these requirements.

2.1 Review of reconfigurable execute units

In this subsection, we will briefly summarize three
types of execution units (EUs) *™"' which can be used to
implement the adaptive transceiver architecture.

The reconfigurable arithmetic unit ( RAU) shown in
Fig. 4 provides support for multiplication and addition op-
erations. The circled portion in Fig. 4 is the basic unit,
which is referred to as an RAU slice. Each RAU slice
provides a bypass data path from the slice output to the
input of the 12-2 compressor ( activated by a control sig-
nal “bp” ), which is used to support the addition of suc-
cessive values. Two adjacent slices can operate in a com-
bine-mode (activated by a control signal “cb”) to com-
plete one a x b + ¢ x d operation, which releases the 4 in-
put ports of a 4-2 compressor. Each RAU slice provides
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Fig.4 Structure of the RAU slice
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both 8 bit and 16 bit data widths, which are selected
using a “div” control signal. Control signal “rv”
cates a revised value.

The reconfigurable logic unit (RLU) is designed to be
the set of look-up table (LUT) elements. Each basic
slice contains a 16 x 4 array of 4-1 LUTs, as shown in
Fig.5(a). Since the ¢, of each LUT are programmable,
each LUT can support all bitwise Boolean operations
through the specification of a truth table. There are two

indi-

types of input/output modes, namely vertical and hori-
zontal, which can be selected by a “mode” value.

4 4 4
A Lut A Lut Lot

(a)

iy
Rl

MSB=1

(b)
Fig. 5 Two types of EUs. (a) Structure of the RLU slice;
(b) Structure of the AAU slice

The adder array unit ( AAU) provides support for addi-
tion-intensive operations, such as data comparison and
add-select-compare. Each AAU slice contains four sets of
8-bit adder/subtractors and two sets of 9-bit subtractors,

’; RLU local registers/ Y AAU local registers/local interconnection

as shown in Fig.5 (b). It has both 8-bit and 16-bit oper-
ation modes, and produces three output results: a, + a,,
b, + b, and comparison. Note that if ¢, =0 and b, =0, q,
and b, will be compared; furthermore, if b, = - a,, the
comparison result will be the absolute value of a,.

2.2 Implementation

In the adaptive transceiver, the UCD and UCD + STBC
algorithms are required as well as a mechanism for flexi-
bly switching between them. The information used to se-
lect between these two algorithms comes from the effec-
tive channel matrix, H,, which requires conjugation and
). While this can be implemented
using an AAU and inverter logic, in this paper we consid-

inversion operations

er it to be configuration information that is sent to the
EUs by the top-level control system' in order to reduce
the area of the processing core.

Therefore, only the precoding operation at the transmit-
ter and the SIC-MMSE detection at the receiver need to
be mapped onto the EUs. Here, we will use a 4 x4 MI-
MO configuration with 16-QAM modulation as an illus-
trative example. From prior simulation studies done on
closed-loop MIMO transceivers "', it is found that using
a 15-bit fixed point representation with a 5-bit integer part
and a 10-bit fractional part can achieve good BER per-
formance. As noted in the previous section, the EUs can
be configured into 8-bit and 16-bit modes. Therefore,
their 16-bit modes will be used. Fig. 6 illustrates the com-
plete system for precoding and SIC-MMSE detection.

2.3 Precoding

The precoding is performed as matrix multiplication,
which involves multiply-with-add operations. As the op-
erands are complex values, two multiplications can be
done on 4 RAU slices. In total, 16 RAU slices operating
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Fig.6 The configured system for pre-coding and MMSE detection
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in the combine mode are used for x = F;s (i =1,2, -,
n), where n is the number of transmitted signals, and
“cb” of the even-numbered RAU slices is set to be 1.
After 4 clock cycles, two multiplications of F x s can be
completed.

2.4 SIC-MMSE

SIC-MMSE is an iterative, sequential detection algo-
rithm. It requires vector multiplications, constellation de-
cisions and subtractions, as shown in Fig. 7. Since the
same computations are repeated in each iteration, the
overall operation can be divided into n stages, where each
stage reuses the same hardware blocks. We can also insert
pipeline registers within each stage for further perform-
ance improvement.

* ~
L7 H,
) b s b
| X [—={Decision—= X + Vi

i

Fig.7 One computing stage for SIC-MMSE detection

In one stage of the computation, 32 RAU slices are
needed to compute two vector multiplications. In addi-
tion, 1 RLU and 8 AAU slices are used to handle the de-
modulation of up to 64-QAM, and eight released 4-input
adders in the RAU slices are used for vector subtraction.

AAU slices process the comparison of an operand and a
threshold. Taking 16-QAM as an example, the threshold
can be set to be 0 and +2. For design convenience, all
AAU inputs are transformed into absolute values; if | op-
erand \ < \ threshold \ , output =1; otherwise, output =
0. Using a, =b,, a, =b,®b,, a, =1, we re-organize
the truth table as shown in Tab. 1, and the configured
AAU slice is shown in Fig. 8.

Tab.1 Input/output relationship of the LUTs
by by byb, by Threshold
01 101 -3
00 111 -1
10 001 1
11 011 3
MSB=8
Op(J 8’b() th() 8’le
818

Output 0 Output 1
Fig.8 The configured AAU slice for MMSE detection

This truth table can be realized by 6 LUTs. The imagi-
nary part follows the same procedure and requires the

same LUT resources. For the maximum size constellation
support, a total of 8 LUTs (1 RLU slice) are used for
both the real and imaginary parts.

3 Simulation and Implementation Cost
3.1 Analysis of simulation results

We performed Matlab simulations with a 4 x4 antenna
matrix for UCD, UCD + STBC and the proposed adaptive
system, using BPSK, QPSK, 16-QAM and 64-QAM
modulation. All channel taps are assumed to be zero
mean, unit variance complex Gaussian random variables.
The test data flows are 3 000 bits per sub-channel for
BPSK and QPSK, 3 200 bits per sub-channel for 16-
QAM, and 3 600 bits per sub-channel for 64-QAM. In
all cases, 500 channel trials are used.

Fig. 9 shows the performance comparison of UCD
alone and the adaptive system under QPSK and 16-QAM
modulations, respectively. The results indicate that the
adaptive combination can give better performance than the
UCD-only mode, particularly at a lower SNR (e. g.,
SNR < 10 dB). So, we obtain a good tradeoff between
the data rate and performance with the adaptive system.
With the smaller constellation sizes, the adaptive system
will select the UCD-only mode at a high SNR, in order to
achieve a higher bit rate. The UCD + STBC mode will be
selected under the lower SNR conditions in order to maintain
good BER performance at the cost of a reduced data rate.

10[) -
—e— UCD-QPSK
—— Adaptive curve
10!
B 10
m
107
" |
107, 5 10 15 20
SNR/dB
(a)
10°p
——UCD-16QAM
e —— Adaptive curve
£ 102t
m
1073
" . . ! |
1% 5 10 15 20 25
SNR/dB
(b)
Fig.9 Performance comparison of UCD and the adaptive sys-

tem using different modulations. (a) UCD vs. the adaptive system
using QPSK modulation; (b) UCD vs. the adaptive system using 16-
QAM modulation
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3.2 Hardware implementation cost

We use Matlab to calculate the precoder filter F and
nulling vectors w,, which are then loaded onto the recon-
figurable platform. Configurations of 2 x2, 4 x4 and 8
x 8 antenna sizes with 16-QAM modulation, and a 2 x2
antenna matrix with 64-QAM were evaluated. The esti-
mated post-layout areas of the EU slices are shown in
Tab. 2, which used UMC 0. 18 ASIC technology and Xil-
inx xc4vlx Virtex-4 FPGA at 150 MHz'*.

Tab.2 Estimated area of each EU slice

Number of used

Units ASIC layout/ wm? Xillinx FPGA cells
RAU_MAC slice 598 279.1 897
RAU_ADD slice 15 064. 6 148
AAU slice 419.9 80
RLU slice 34 433.3 348

Tab. 3 gives the number of EU slices needed for both
precoding and SIC-MMSE sequential detection as well as
the required number of clock cycles for coding/detecting
one transmitted symbol ( not counting the pipeline laten-
cy), as a function of the number of transmitting and re-
ceiving antennas. From Tab.3, we note that the required
number of RAU_MAC slices and RAU_ADD slices grow
linearly with the channel matrix size, while the number of
AAU and RLU slices increase slightly with constellation
size.

Tab.3 The required number of EU slices and clock cycle for
16-QAM and 64-QAM

. 16-QAM 64-QAM
Units

2 x2 4 x4 8 x8 2 x2
RAU_MAC slice 2/16 8/16 16/32 2/16
RAU_ADD slice 2/4 2/4 4/8 2/4
AAU slice 4 4 4 6
RLU slice 6 6 6 8
Clock cycle 1/4 4/8 4/8 1/4

4 Conclusions

1) A novel adaptive transceiver architecture is pro-
posed, which flexibly combines both UCD and UCD +
STBC technologies. In order to achieve higher overall
performance, the CSI feedback path is added to the pre-
coder to select between UCD-only and UCD + STBC
modes.

2) With smaller constellation sizes, Matlab simulation
results show that, the adaptive system will select the
UCD-only mode under the higher SNR conditions in order
to achieve a higher bit rate. The UCD + STBC mode will
be selected under the lower SNR conditions (e. g. , SNR
< 10 dB) in order to maintain good BER performance at
the cost of a reduced data rate.

3) The adaptive transceiver is efficiently implemented
using a previously proposed reconfigurable hardware plat-

form, and performance and area metrics for different con-
figurations are determined. The results demonstrate that
the required number of reconfigurable arithmetic unit
slices increases linearly with the channel matrix size,
while the number of adder array unit and reconfigurable
logic unit slices increase slightly with the constellation
size.
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