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SUMMARY  This paper presents a VLSI design of a Tomlinson-
Harashima (TH) precoder for multi-user MIMO (MU-MIMO) systems.
The TH precoder consists of LQ decomposition (LQD), interference can-
cellation (IC), and weight coefficient multiplication (WCM) units. The LQ
decomposition unit is based on an application specific instruction-set pro-
cessor (ASIP) architecture with floating-point arithmetic for high accuracy
operations. In the IC and WCM units with fixed-point arithmetic, the pro-
posed architecture uses an arrayed pipeline structure to shorten a circuit
critical path delay. The implementation result shows that the proposed ar-
chitecture reduces circuit area and power consumption by 11% and 15%,
respectively.

key words: multi-user MIMO, Tomlinson-Harashima precoding, LQ de-
composition, interference cancellation

1. Introduction

Multiple-input multiple-output (MIMO) systems are attract-
ing attention. MIMO is a technique to improve speed and
capacity in wireless communication by increasing transmit
and receive antennas that is adopted in wireless LAN stan-
dard of IEEE 802.11n. The next-generation standard of
IEEE 802.11ac is being formulated to achieve more than
1 Gbps throughputs and to support multi-user MIMO (MU-
MIMO) to enhance communication capacity. MU-MIMO
achieves larger communication capacity than single-user
MIMO (SU-MIMO) by using parallel transmission among
multiple terminals. MU-MIMO requires precoding at the
transmitter side for interference cancellation among receiv-
ing terminals. Types of MU-MIMO systems are classified
into linear and non-linear precoding schemes. Linear pre-
coding by zero-forcing (ZF) and minimum mean square
error (MMSE) methods just multiply transmitting signals
by precoding weights [1],[2]. The communication quality
tends to be degraded under high spatial correlations among
users. Non-linear precoding by vector perturbation (VP) and
Tomlinson-Harashima precoding (THP) reduces transmis-
sion power by coding signals and overcomes the weakness
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in linear precoding [3],[4]. The non-linear precoding has
better communication quality but requires larger computa-
tional complexity.

Hardware architectures of THP have been presented
by Lin et al.[5] and Gu and Parhi [6]. Their architec-
tures focus on single-input and single-output (SISO) sys-
tems. THP testbed using a digital signal processor (DSP) for
MU-MIMO has developed [7], but the testbed computes us-
ing a lot of DSP units and power consumption and efficiency
of LSI circuit area have not been discussed. We present a TH
precoder consisting of LQ decomposition, interference can-
cellation (IC), and weight coefficient multiplication (WCM)
units. The LQ decomposition unit is based on an application
specific instruction-set processor (ASIP) architecture with
floating-point arithmetic for high accuracy operations. We
refer to the ASIP for singular value decomposition (SVD)
designed in our previous work [8]. This ASIP has been de-
veloped for high-speed computation of SVD in SU-MIMO
beamforming. In the IC and WCM units with fixed-point
arithmetic, the conventional architecture takes a long cir-
cuit delay in successive interference cancellation of MIMO-
THP. The proposed architecture uses an arrayed structure
to have a shorter circuit delay than the conventional archi-
tecture. In the VLSI implementation, we indicate that the
proposed architecture decreases processing latency time and
power consumption.

This paper is organized as follows. We explain theory
of THP in Sect.2. Section 3 presents a design of the THP
circuit. Section 4 describes performance evaluation of the
designed circuit. Section 5 concludes the paper.

2. Tomlinson-Harashima Precoding for MU-MIMO
Systems

A MU-MIMO system with four transmit antennas and two
double-antenna users, i.e., 4 X 2 MU-MIMO, is illustrated
in Fig. 1. We assume that channel state information (CSI)
is ideally fed back from a receiver to a transmitter. In THP,
signals are transmitted after subtraction of multi-user inter-
ference caused by the propagation channel. The channel ma-
trix H consisting of Hy and H> is estimated in a receiver and
decomposed into a lower triangular matrix L and a unitary
matrix Q.

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers
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The transmitted signals ¥ are generated using /;; in (1) as

.551 =M0d(x1)=x1

~ by ~

X = Mod(x2 - ﬁxl)

%2 = _big _13_2~)
X3—M0d<X3 533)61 X 1

%y = Mod (x4 — 15 - 125 - 1253).
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The signals are transmitted from each antenna after weight
coefficient multiplication by W=0Q". The received signals i
through the propagation channel are expressed as

j=HWZ%+n
= LOQ"% +n 3)
=LX +n,

where n is a white Gaussian noise. Here, modulo operation
in (2) is denoted as

x+ M+ jM

Mod (x) = x —floor( i

) X 2M, )
where M is a modulo window size. The purpose of mod-
ulo operation is to suppress amplitude of signals by trans-
forming signals into [-M,M]. The amplitude of signals in-
creases depending on /;;. Power efficiency of the transmit-
ted signals worsens if the signals are increased by multiply-
ing /;;. A modulo window size depends on modulation lev-
els [2]. The Gram-Schmidt orthonormalization algorithm is
adopted for the LQ decomposition (LQD). In the algorithm,
orthonormal vectors are calculated from given linear inde-
pendent vectors. There are other methods for LQD, such
as Givens rotation [9] and Householder transformation [10].
Compared with these methods, Gram-Schmidt orthonormal-
ization is suitable for hardware implementation owing to the
small calculation complexity [11].

In the Gram-Schmidt algorithm, we explain by an nxn
square matrix A with n-dimensional row vectors given by
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linear independent. A unitary matrix Q with row vectors ¢,,
is generated by orthonormalizing each row vector a, of A
as

n—1
Uy =@y — Z (41> @) g,
=1 )

vil

q9, = .
"l

A lower triangular matrix L is calculated by multiplying A
by @, which is generated in (5) as

ar
a
A" =\ |la & - 4
1an (6)
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3. VLSI Design
3.1 Overall Structure

The TH precoder consists of the LQ decomposition (LQD),
interference cancellation (IC), and weight coefficient multi-
plication (WCM) units, which are illustrated in Fig.2. The
LQD unit executes the Gram-Schmidt algorithm in Egs. (5)
and (6) with floating-point arithmetic operation because the
matrix decomposition requires high accuracy and large dy-
namic range computations. The IC unit performs the in-
ference cancellation in Eq. (2) and the WCM unit gives the
matrix multiplication by Q7% in Eq.(3). The timing chart
and the packet format in the TH precoder are illustrated in
Fig. 3. They have very different requirements for calculation
accuracy and throughput performance. The throughput re-
quirement of the LQD unit is not high because the CSI does
not change frequently. The CSI update interval of 20 ms is
presented by Shapira and Shany [12]. On the other hand,
the IC and WCM units request the same high throughput
as the baseband symbol rate. Since the [IEEE802.11ac stan-
dard supports 160-MHz channel utilization, the symbol rate
of 160 symbols/seconds is required for real-time precoding,
where its processing is denoted in the data symbols in Fig. 3.

To decrease a work load in the IC and WCM units,
we apply pre-computation for lower triangular matrix L in
Eq. (1). The divisions in Eq. (2) are shifted from the IC unit
to the LQD unit as

I} l l
1421=12—1 L31=ls—1 L32=l3—2
2 33 33
@)
l l l
L41=ﬂ L42=£ L43=£
laa laa laa

According to Eq. (7), Eq. (2) is rewritten as
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Since the frequency of updating the CSI is low, the update
frequency of L is also low. The precomputation in Eq. (7)
can be performed by the LQD unit.

3.2 ASIP Implementation of LQD Unit

The LQD unit is based on an application specific
instruction-set processor (ASIP) architecture, which is illus-
trated in Fig. 4. We utilize the ASIP designed by Iwaizumi
et al. [8], which provides high-speed computation of SVD
in SU-MIMO beamforming. The same arithmetic operation
units and instruction sets are effective in the LQ decompo-
sition. The data and instructions are stored in each mem-
ory, and the processing unit executes instructions in order.
Floating-point units (FPUs) deal with IEEE 754 standard
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Fig.5  Circuit structure of processing unit.

single precision floating-point in the processing unit. The
circuit structure of the processing unit is illustrated in Fig. 5.
The FPU supports four types of arithmetic operations: addi-
tion, subtraction, multiplication, and division. The process-
ing unit can execute complicated processing such as com-
plex and accumulative operations by combining the eight
FPUs. The four FPUs in the first stage are used for one
complex and two real multiplications. By combining these
FPUs, complex multiplication can be executed. Since all
the FPUs execute pipeline processing, cycles per instruction
(CP]) in this processor almost reaches to one by increasing
block data size in pipeline processing. Table 1 enumerates
the supported instructions. The instruction consists of mem-
ory address of input data A, B, output data C, and operation
type, as illustrated in Fig. 6. The bit lengths are log, N and
log, N, bits, where N is the number of data memory words
and N,, is the number of instructions. The dedicated high-
speed division and square-root operation units denoted by
“FDIV” and “FQRT” are also implemented. By reducing
computation cycles, the total dissipated energy can be re-
duced at the cost of a smaller circuit area. Table 2 shows
circuit performance of the LQD unit, where N=2,048 and
N,,=256 are set in the processor specification. The LQD
unit has been synthesized on a 90-nm CMOS standard cell
library where the supply voltage is 1.0 V. We set the clock
frequency to 400 MHz. This evaluation includes not only
LQ decomposition but also the precomputation of division
employed in the IC unit for the proposed architecture. For
the 160-MHz channel utilization in the IEEE802.11ac, the
number of channel matrices (corresponding to OFDM data
subcarriers) is 480. The total calculation time is 2.5ns X
232.52 x 480 = 0.279 ms. This time is much shorter than
the CSI update interval of 20 ms. This indicates that the LQ
unit can provide real-time processing including the precom-
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Table 1  Instructions supported in processing unit.
OP | Instruction
0 Complex addition
1 Complex subtraction
2 Complex multiplication
3 Real multiplication
4 Accumulative complex addition
5 Accumulative complex subtraction
6 Accumulative complex multiplication
7 Accumulative real multiplication
8 Real division
9 Square-root operation
10 | Squared absolute value
11 | Accumulative squared absolute value
12 | Hermitian multiplication
13 | Initialization in Newton method
14 | Complex conjugate
15 | Data copy
16 | Initialization in CORDIC arctangent
17 | Repetition in CORDIC arctangent
18 | Initialization in CORDIC sine and cosine
19 | Repetition in CORDIC sine and cosine
20 | Merge real and imaginary parts
21 | Extraction of real part
22 | Extraction of imaginary part
23 | Extraction of sign parts
24 | Conversion from integer to floating-point format
25 | Conversion from floating-point format to integer

[ log2N bits I log2N bits I log2N bits I log2Nop bits ]
L I L A J
T T T L\l

Output C Input B Input A oP

Fig.6 Instruction format.

Table 2  Performance of LQD unit.
Clock Frequency (MHz) 400
Gate Count 92,725
Power Consumption (mW) 394
Computation Cycles per Matrix 232.52
Computation Time for CSI Interval (ms) 0.279
Energy Consumption (uJ) 11.0

putation of division.
3.3 Conventional Architecture

The conventional architecture is given by straightforward
computation of Eq. (8). The structure of the conventional IC
unit is shown in Fig. 7. The IC unit has operation blocks
“M1S1” and “M2S2” consisting of multipliers and sub-
tracters. The modulo block “Mod” performs arithmetic and
floor operations in accordance with Eq.(4). The detailed
structure of the modulo operation block is denoted in Fig. 8.
The conventional architecture in the WCM units is illus-
trated in Fig.9. The matrix operation of Q7% is done by
complex multiplication and additions. The block of “A4”
has four input ports and generates result data by one output
port. The drawback is that the IC unit suffers from a long
critical path to compute ¥4. The computation of %4 requests
the outputs of ¥, %, and ¥3;. It decreases operating clock
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frequency or increases circuit area and power consumption
by taking many parallel structures of logic gates in logic
synthesis.

3.4 Proposed Architecture

The proposed IC unit with an arrayed structure is illustrated
in Fig. 10. The three registers are inserted to shorten the crit-
ical path in the conventional IC unit. Due to the registers,
the outputs of %, ¥3, and %4 are delayed in clock cycles. For
the WCM unit, we use different timings to generate %; to
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X4, the structure of which is shown in Fig. 11. The timing
charts of the conventional and the proposed architectures
are compared in Fig. 12. The proposed architecture takes
the pipeline latency delay of three cycles unlike the conven-
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Table 3  Performance of IC and WCM units.
Conventional | Proposed
Maximum Clock Frequency [MHz] 160 160
Gate Count 144,518 128,368
Power Consumption (mW) 10.68 9.09
Computation Time for CSI Interval (ms) 10 10
Energy Consumption (uJ) 106.8 90.1

tional architecture. However, the throughput equal to the
sampling rate does not change.

4. Evaluation

Table 3 shows circuit performance of the conventional and
the proposed architectures in the IC and the WCM units.
The IC and WCM units have a 15-bit length in fixed-
point arithmetic units. The target clock frequency is set to
160 MHz for all the units in logic synthesis and power con-
sumption measurement. The gate-level power measured us-
ing a Synopsys Power Compiler in the condition of 1.0V
supply power. The proposed architecture exhibits smaller
circuit area and power consumption because the conven-
tional architecture needs many parallel structures of logic
gates in logic synthesis to reduce a critical path delay.

The power consumption of the LQD unit is larger than
the summation of the IC and the WCM units. However, the
LQD unit has much shorter computation time than the IC
and the WCM units as shown in Table 2 and Table 3. We as-
sume that the processing time of the IC and the WCM units
in Fig. 3 occupies 50% for the CSI update interval. Hence,
the LQD unit consumes much less energy than the IC and
the WCM units.

5. Conclusion

We presented an arrayed pipelined TH precoder consisting
of the LQD, the IC, and the WCM units for MU-MIMO
systems. The LQD unit is designed by using an ASIP archi-
tecture. The proposed architecture in the IC and the WCM
units shortened a critical path and reduced circuit area and
power consumption by 11% and 15%, respectively.
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