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Abstract

A Taylor series expansion (TSE) based design for minimum mean-square error (MMSE) and
QR decomposition (QRD) of multi-input and multi-output ( MIMO) systems is proposed based on
application specific instruction set processor ( ASIP) , which uses TSE algorithm instead of resource-
consuming reciprocal and reciprocal square root (RSR) operations. The aim is to give a high per-
formance implementation for MMSE and QRD in one programmable platform simultaneously. Further-
more, instruction set architecture (ISA) and the allocation of data paths in single instruction multi-
ple data-very long instruction word ( SIMD-VLIW) architecture are provided, offering more data par-
allelism and instruction parallelism for different dimension matrices and operation types. Meanwhile ,
multiple level numerical precision can be achieved with flexible table size and expansion order in
TSE ISA. The ASIP has been implemented to a 28 nm CMOS process and frequency reaches
800 MHz. Experimental results show that the proposed design provides perfect numerical precision
within the fixed bit-width of the ASIP, higher matrix processing rate better than the requirements of
5G system and more rate-area efficiency comparable with ASIC implementations.

Key words: multi-input and multi-output ( MIMO ) , minimum mean-square error ( MMSE) ,
QR decomposition (QRD) , Taylor series expansion (TSE) , application specific instruction set pro-
cessor (ASIP) , instruction set architecture (ISA), single instruction multiple data (SIMD) , very

long instruction word ( VLIW)

0 Introduction

Coexistence of multiple wireless communication

) and the rule of standards refreshed every

standards'’
7 =10 a have motivated the use of programmable plat-
forms'**' for baseband processing ( BP). Multi-input
and multi-output ( MIMO) "' is the key technology
of wideband communication systems. Thus, high-per-
formance design for the family of representative MIMO

[11-12]

detection algorithms in one platform, including

the classic linear minimum mean-square error
(MMSE ) algorithm and QR decomposition ( QRD)
based ML variants' ' | can facilitate system to improve
performance via appropriate algorithm in different sce-
narios, where the design and implementation of MMSE
and QRD become the critical tasks.

The flexible implementations for MMSE are usually

based on the application specific instruction set proces-

sor (ASIP) with architectures of single instruction mul-
tiple data (SIMD)'™' and very long instruction word
(VLIW) 570 " or coarse-grained reconfigurable archi-
tecture (CGRA) 7! | which improves the matrix process-
ing rate at large cost of area. The rates of implementa-
tions above are difficult to meet the needs of wideband
BP detection, and area-efficiency is still not comparable
with ASIC implementations such as Ref. [18].

Related studies on the QRD architecture can be
classified into three major categories on different algo-
rithms, such as modified Gram-Schmidt ( MGS )",
Givens rotation (GR)"*®" | and householder (HH)"*.
As to the flexible implementations, Ref. [19] was based
on reconfigurable processing unit by bits setting and se-
quence flow control to get limited flexibility, while
Ref. [23] used GR algorithm with longer clock latency in

iteration operations and higher throughput is achieved by
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using more vector processing units ( VCU).

To support QRD and MMSE simultaneously,
Ref. [22] introduced an integrated circuit (IC) imple-
mentation for multitude MIMO detection algorithms by
reusing QRD, aiming at energy efficiency, but resul-
ting in poor rate and area efficiency compared with
ASIC implementations in Refs [20, 21].

Meanwhile, for the numerical precision of the ma-
trix processing, floating-point arithmetic or wider word
length of fixed-point data type is used at the cost of
more hardware resources consuming and additional
arithmetic units design.

In order to solve the above problems, a Taylor se-
ries expansion ( TSE) based design for MMSE and
QRD of MIMO systems based on ASIP is proposed,
with following characteristics.

(1) TSE algorithm is proposed instead of resource-
consuming reciprocal and reciprocal square root
(RSR) operations, to give a high performance imple-
mentation for MMSE and QRD in one programmable
platform simultaneously.

(2)ISA and allocation in SIMD-VLIW architecture
for MMSE and QRD are provided, which can obtain ef-
ficient data parallelism and instruction parallelism for
different dimension matrices and operation types.

(3) Perfect numerical precision can be achieved
with flexible table size and expansion order in TSE ISA

within the fixed bit-width of the ASIP.
1 System model

Consider a MIMO system with N, transmit and N, re-
ceive antennas, the received symbol vector y is given by

y=Hx +n (1)
where, He C,,, y,is the complex channel matrix, x e
C\, x11s the transmitted symbol vector, and n e Cy_,,is

the additive Gaussian noise with zero mean and vari-

2
ance g,,.

1.1 Algorithms of matrix inversion and MMSE
The estimated transmit symbol vector X using the
MMSE algorithm is computed as shown in Eq. (2).
x=Wy, W=(H"H + 0’1 'H" (2)
where, W is the pre-calculation of a coefficient matrix
and I is the identity matrix. (A)" is the conjugate
transpose of matrix A.
The method called block-wise analytic matrix in-

version ( BAMI) is proposed to compute the inverse of

complex-valued matrices by partitioning the matrix into
smaller matrices, and then compute the inverse based
on computations on these smaller parts.

For example, to compute the inverse of a 4 x4 ma-
trix M in MMSE algorithm, it is divided into four sub-

matrices A, B, C, D, which can be expressed as
=[¢ p) @)
where, B =C" and the matrices of A, D, M are Her-
mitian matrices. The inversion of Eq. (3) can be de-
scribed as
A" +P'Q7'P - (Q'lP)H] (4)
-Q°'P Q"
where, P=CA™', P" =A"'B, Q=D -CA 'B.
The inversion of a 2 X2 matrix can be computed as
~ a by 1 d
A lz[c d] Zad—bc[—c a (5)

where the term of (ad — bc) in Hermitian matrix is a

E:M”:[

_b]-l

real value.

The architecture of MMSE matrix inversion is de-
picted in Fig. 1, which shows five kinds matrix opera-
tions. One Hermit matrix inversion can be obtained by
two submatrices inverse as ‘Inv’, four submatrices
multiplication as ‘ Mul’ , single submatrix addition as
“Add’, single submatrix subtraction as ‘Sub’, and

. . 3 H»
two matrices conjugate transpose as ‘() .

(D-CA'BY'  A+A'B(D-CA'By' CA*
—O

D-CA'B

(D-CA'By' CA?

[ Ll | Ly |

Fig.1 Mairix inversion architecture

1.2 Algorithms of MGS-QRD

The MGS-QRD decomposes an n X n matrix H in-
to an n X n unitary matrix Q and an n X n upper trian-
gular matrix R. For simplicity, a 4 x4 complex matrix
is utilized to explain the procedure as Eq. (6).

ri;:”afnz . .
DP: k ?LE{152’3’4}ak:L
q,=a;/r;
H _k
r. = N'a:
TP:{ (q;) ' },je{1,2,3,4},j>i,k:i
a4 =4a; —rq,

(6)
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where the classical MGS algorithm is composed of 4 it-
erations, and the QRD can be separated into two
steps. @} denotes the column i of matrix H in the kth it-
eration. g, represents the column j of matrix @ and r;
denotes row i and column j of matrix R. H’UHZ means the
norm of a vector .

The first step diagonal-process ( DP), computes
the diagonal line elements of the upper triangular ma-
trix R and the column of the unitary matrix Q. The sec-
ond step triangular-process ( TP), computes the non-
diagonal line elements of matrix R and renew the col-
umn elements of matrix H.

The architecture of QRD is depicted in Fig. 2,
which shows that one matrix QRD can be carried out by
including 4 DP stages and 3 TP stages. The

TP stages finish 6 TP units in total to calculate the non-

7 stages,

diagonal line elements of matrix R, where TP, denotes
the jth TP operation of the kth iteration.

R e e el

Fig.2 MGS-QRD architecture

1.3 Implementation demands and BP-ASIP
architecture

As to 5G communication system of 100 MHz band-
width, 3300 subcarriers are used to transmit the 4 x4
MIMO OFDM symbols in each TTI of 0.5 s, which
means the ratio of 4 x4 matrix inversion or QRD should
be up to about 79.2M matrix/s.

This work implements the algorithms of MMSE and
QRD on a BP-ASIP proposed in Ref. [ 7], whose archi-
tecture is VLIW and SIMD mixed. The BP-ASIP has
512-bit SIMD data paths and 192-bit VLIW instruction
word length, supporting 32-lane 16-bit or 16-lane 32-bit
computing and 6 instructions dispatch respectively.

Table 1 shows the VLIW architecture based on the
kernel algorithms of baseband processing ; vector compu-
ting (VCMU) , vector shuffle/alignment ( VSHF) , vec-
tor load/store (VL/S), program flow control (SALU),
vector/scalar data exchanging ( SVEX),
generation (AGU).

and address

Table 1  VLIW architecture of BP-ASIP

VLIW#0 VLIW #1 VLIW#2 VLIW#3 VLIW#4 VLIW#5

VCMU  VSHF VL/S SALU SVEX AGU

The ASIP has nine-stage pipelines to achieve high
frequency as Fig. 3, four-pipeline fetch operation( FE) ,
single-pipeline instruction decode (DC) , three-pipeline
execution( EX) including MEM load/store, and single-
pipeline written back (WB) to register. Based on the
pipeline technique, five instructions can be implemen-
ted for uncorrelated data in every five clocks from DC to

WB.

‘ FEll FE2| FE3| FE4| DC‘ EX1| EX2‘EX3/MEI\/4 WB‘

Fig.3 Nine-stage pipelines of BP-ASIP
2  Algorithm and insructions

Reciprocal operation and RSR is the key of matrix
inversion of MMSE algorithm and QRD calculation re-
spectively. TSE algorithm and instructions are proposed
to reduce the reciprocal hardware resources, and to
support the RSR operations simultaneously.

Two kinds of instructions are also designed to ac-

celerate the MMSE detection and QRD respectively.

2.1 TSE algorithm
The core idea of TSE algorithm is to compute two

resource-consuming operations of reciprocal operation

1/x and the RSR operation 1//x simultaneously with-

out division operations.
The two operations can be approximated via TSE
algorithm at point x, as Eq. (7).
1 1, 3 . 3

. ~x3x —xgx . %, € (0.5, 2]
flx) = oo
L3 o3 v B 05, 2]
\/; ng 5 496(1) 5 8.768 5 0 . ’
Ry " RS

(7)
where, a,, a,, and @, depend on the operation and the
expansion point x,. Thus the value set of { a,, a,, a,}
corresponding to x, in interval can be stored in a look-
up table (LUT). Then the value of { a,, a,, a,| can

be obtained according to the point of x, nearest to «.

2.2 Instructions
2.2.1 Instructions for TSE, MMSE and QRD

The guidelines for instruction set design are com-
pleteness, orthogonality, regularity and simplicity,
ease of programming and implementation.

Firstly, LUT instructions, matrix inversion in-
structions, and vector inner product instructions, are

proposed for TSE, MMSE, and QRD respectively
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based on their completeness characteristics. In addi-
tion, a fine-grained ISA is designed with orthogonality
and is more conducive to parallel execution in VLIW
architecture. The ISA including regular addition, sub-
traction, multiplication and conjugate transpose for
vectors or matrices, are simplified and reusable as
much as possible. Thus, MMSE and QRD are easy to
program and implement, with different modes of TSE
and the simplify instructions designed.

Table 2 shows TSE ISA proposed for the recipro-
cal and RSR.

Table 2 TSE ISA

Instruction Function
Get Vi=1{ a;, a,, a,, a,} with x of
(1) v. LUTaylor Vs = { »°, »°, x , 1} according to
mask bits and mode configuration
(2) v. mul Get dot product Vd = Vs Vi according
to mask bits
(3) . iadd Get 1/ x or 1/Jx by sum (wvd) of

vector inner addition

Where v. LUTtaylor loads the expansion series of
%, according to the input vector by LUT operation with
different mode configuration, and the value of TSE is
calculated by v. mul and v. iadd, for dot product of two
vectors and vector inner addition respectively.

Table 3 shows six instructions proposed for the
four parts having the intermediate values of H" , H'H
+ol, (H'H+o1)", and (H"H + o>1)" H" of

MMSE detection.

Table 3  Six new instructions for MMSE

Operation  Instruction Function
O" (4)v. mhermit Get matrix conjugate transpose
MMult. (5)v. mmul Get matrix multiplication

Add. (6)v. add
Sub. (7)v. sub

Get addition for vector or matrix
Get subtraction for vector or matrix

GetVd=1{ x*, x*, x, 1} by Vs =

ta, b, ¢, d} , where x = ad-bc

2%x2 (8)v. mim2det
Matrix

Invers.

(9)v. mim2shuf Get V¢ =1{ d, -b, -c, a | by Vs
TSE, v. mul  Get Matrix Inv. by Vi /(ad-bc)

Where the former four instructions support for cal-
culations for 4 x4 matrix of MMSE intermediate values
and 2 X2 matrix of 4 x4 BAMI algorithm with different
mask bits. As to 2 X2 matrix inversion, it can be fin-
ished by six instructions including v. minv2det,
v. mint2shuf, TSE ISA of reciprocal mode and v. mul.

Table 4 shows two instructions proposed for DP

and TP of QRD.

Table 4 Two new instructions for QRD operations

Operation Instruction Function

3 2

Get Vs = { «°, &7, x, 1|, where x =
DP (10)v. modu?2 lla,IF,
TSE, v. mul
Get 1/r, =1/ Jx, q;, and r,
P (11)v.ip  Getr; by inner product of ¢; and a]{“

k+1

9 . = k
v. mul, v. sub Get ri * ¢, and a7 =a; —ryq,

Where DP is implemented in five or six instruc-
tions with v. modu2, TSE ISA of RSR mode and
v. mul, in which r; is not the critical path and could be
calculated latter or not calculated. TP is finished in
three instructions with v. ip, v. mul and v. sub.

The instructions proposed above are realized on

the SIMD-VLIW processor BP-ASIP, and allocated as
Table 5.

Table 5 ISA allocation in DATA PATHs of the ASIP
VLIW Function Units Instruction index
(2), (5), (6), (7),
Data Path O VCMU
(8), (10), (11)
Data Path 1 VSHF (3), (4), (9)
Data Path 5 AGU/LUT (1)
2.2.2 Instruction flow of matrix inversion and QRD

For matrix multiplication and inversion, elements
of matrix are all placed row by row in vector register
(VR). A 16-lane 32-bit VR can process four 2 x2 ma-
trices or one 4 x4 matrix.

Fig. 4 shows the instruction flow of matrix inver-
sion, four 4 x4 compleces matrices inversion can be
processed in parallel according to the BAMI algorithm,
and be finished within 18 instructions, thanks to the
VLIW multiple data paths.

Based on the pipeline technology, one 4 x4 com-
plex matrix inversion can be carried out in 4.5 cycles
on average, and one 4 x4 complex W for MMSE will
take 8.5 cycles in total with 4 cycles consumption for
H", H'H+51and (H'H +5.1) ' H".

For QRD, the calculation is implemented by col-
umn, and columns of a matrix are placed in different
VRs. The 16-lane 32-bit VR can process four 4 x4 ma-
trices simultaneously.

Fig. 5 shows the instruction flow of QRD, where cal-
culations and load/store operations, including DP4 of the
last matrix and DP1 of the new matrix, are processed in
parallel because of the VLIW architecture. While the
number of matrices to be processed is large usually, one
4 x4 complex QRD can be calculated in about 8.5 cycles
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on average by the pipeline technology.

[ -cmceecmceccccccccacccacaccaaaaa. 4x4 Matrix inversion Instruction flow ======seeceecamacmcmenccancnaan >
Data Path InvA mmul | mmul | M sub Inv, Q=D-CA'B mmul| mmul | M sub InvA
#0, 1, 5 ad-bdLUT[mul [iadd]shuf] A7 }ATB [CABB.CA'E ad-be] LUT| mu [ iadd | shuf [ (7 faBorjaycal 5% [ad-be] Lur] mut [ iadd ] shur| A7
, — 7 »
Data Path . ! | o). ) | 5\ PR o] L <
# / /i cicant /0 [ea@yeal v/ I
LTI i A . — :
1dA 1aB D] N, N ; dARIdAT AdA 1ap][1dD
Data Path 1 DN i 1 K = —
#2 \ [satsia \SHQYISATEQR R Lo
L \\A\\v\,} §§}§§ s ) \\ . B CA
; t; S, e t, S
Fig.4 ASIP 4X4 matrix inversion instruction flow
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Fig.5 ASIP 4X4 matrix QRD instructions flow

2.3 Expand to 8 x8§ MMSE and QRD

For 5G communication system, the data stream
parallelism can be up to 8, which means the MMSE
and QRD algorithm need to consider the 8 x8 case.

Matrix multiplication and inversion of 8 x 8 matrix
can be divided into four 4 x4 submatrices according to
Eqgs(3) and (4), and can be carried out by the opera-
tions of 4 x4 matrix.

As to the 8 x 8 QRD GMS decomposition algo-
rithm, the number of elements participating in the in-
ner product of vectors changes from 4 to 8, by adjus-
ting the mask-bits in the ISA.

Therefore, the proposed algorithms and ISA not
only support 2 x 2, 4 x4 matrix operations, but also
support 8 x 8 or even 16 x 16 matrix operations through
the extension of the algorithm and ISA.

3 Implementation results and comparison

In order to evaluate the performance, area and
power consumption of the proposed algorithm and in-
struction set in this paper. Performance of the TSE al-
gorithm is evaluated with different expansion orders and

fixed-point lengths, and the TSE instruction set is im-
plemented in the BP-ASIP processor. The comparison
results between this platform and other related litera-

tures are given.

3.1 MSE performance
Fig. 6 shows the MSE of three methods for recipro-
cal, including expansion of second-order and third-order.

1/x based on Different Taylor series expansion

-20 T T T T T T
—©— 1/x 2nd order
—O— 1/sqrt(x)*sqrt(x) 2nd order
40 F ‘\ \ —8— 1/x 3rd order 1
-60 [ =
m
=
o -80 1
7
=
100 | il
120 F .
-140
0 70
Table Size
Fig. 6 MSE of reciprocal with different TSE orders
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When the table size is 10, MSE of the above three
methods can reach about —60 dB, which can meet the
requirements of practical engineering applications. The
table size and TSE order can be flexibly selected ac-
cording to the precision demand.

The fixed-point MSE of TSE for different modes
are shown in Fig. 7 and Fig. 8 respectively.

Fix-point MSE of 1/x based on Taylor series
expansion of 2nd order

-20

©— double
©— fix-12bit
~0 Fe— fix-14bit
5 fix-16bit
40 K— fix-18bit []
P> fix-20bit
50 [ < fix-24bit {
8 sof
o
2
S o
-80
90
-100 -
-110
0 70
Table Size
Fig.7 MSE of TSE IS in reciprocal mode
Fix-point MSE of 1/sqrt(x) based on Taylor series
expansion of 2nd order
-30 T T T T
©— double
©— fix-12bit
-40r e fix-14bit
—B— fix-16bit
-50 —k— fix-18bit
—>— fix-20bit
60 B g0—0—0—6-—g o O S Mx2bit
m
< .70t
o LR e Mial
78]
S -80f

Be a8 o 5 5 8 8 a8g
-90 I
R o NP

1ot S W e

-120
0 10 20 30 40 50 60 70

Table Size
Fig.8 MSE of TSE in RSR mode

Fig. 7 indicates that MSE of reciprocal can
achieve about —60 dB with table-size of 10 and fixed-
point bit-width of 14 bit, and achieve about — 78 dB
with table-size of 18 and fixed-point bit-width of 16 bit
respectively.

Fig. 8 indicates that MSE of RSR can achieve
about — 68 dB with table-size of 10 and fixed-point
bit-width of 14 bit, and achieve about — 82 dB with
table-size of 18 and fixed-point bit-width of 16 bit

respectively.

When fixed-point bit-width is 24 bit, precisions of
reciprocal and RS are both close to double floating-
point’ s precisions.

3.2 Implementation performance

To evaluate the performance of the designed ISA
proposed for TSE, MMSE and MGS algorithms, it is
developed on the baseband processor of BP-ASIP,
which also supports the other baseband processing
functions of 5G. The ASIP is implemented with TSMC
28 nm CMOS technology and the work frequency is
800 MHz. Thus the processing rate of MMSE and QRD
reaches 94. 12M Mairix/s, which exceeds 79.2M Ma-
trix/s, the requirements of the 5G system@ 100 MHz.

To fairly compare the rate of MMSE and QRD with
the other existing work, the normalized rate (NR) and
the normalized rate of area (NRA) are defined to evalu-
ate the throughput performance as Eq. (8) and Eq. (9).

tech 1 16 1
NR=Rate - 5o " “sup “veu 8
NRA = Rate - tech 1 I (9)

28 nm ; " Area
where the Rate denotes the number of matrices pro-
cessed per second. Additionally, the technology param-
eter tech is normalized to 28 nm CMOS technology.
When the matrix is a real matrix, the workload param-
eter 17 is 4, otherwise 7 is 1. SIMD denotes the number
of data units be processed in parallel, and VCU is the
number of the VCU. Area is the area of each implemen-
tation in k gate counts.

Table 6 illustrates the comparison results of this
work with numerous existing MMSE and QRD work in-
cluding ASIP and ASIC implementations.

As to ASIP implementations, NR and NRA of
MMSE and QRD in this work outperform most of the
other literatures.

In the case of MMSE, NR and NRA performances
of this work are 12.3% and 69.6% better than the av-
erage ones of Refs[ 14-16] respectively. Compared with
Ref. [15], NR performance is less, but NRA is 2. 73
times better than that. Analyzing the differences of the
implementation literatures, Refs[ 14-16] are all based
on BAMI algorithm, which used SIMD or SIMD-VLIW
architecture to increase the data parallelism, but did
not take advantage of bit-width when the data length of
different operations varied. In addition, Ref.[16]
adopted floating-point design, consuming large cycle
count and power. Ref. [ 17 ] adopted iterative algorithm
of division-free ShermonMorries to use regular CGRA
PE with function units and local register files, consu-
ming large area resources. In the case of QRD, NR and

NRA of this work is close to 35% better than Ref. [ 19 ]
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respectively , which used regular PEs to process the en-
tire MGS flow and did not use pipeline to speed up the
process. NRA of this work is 45% better than Ref.
[23], which produced performance with more VCU
units to compensate the large delay of GR algorithm.

Compared with the ASIP literatures above, ISA of
this work is more flexible and gets used effectively for
different dimension matrices and operation types. Mean-
while, based on the ISA and bit-width, MSE can reach
the same magnitude and be lower with third-order
TSE. Furthermore, the ISA is more fine-grained, which
makes the pipeline technology and VLIW architecture
utilized more effectively.

As to ASIC implementations, compared with the
hardware resources-saving schemes, NR and NRA of

this work are comparable with Refs[ 18 ] and [ 20 ],
which used iterative design to reduce the resources and
led to lower throughput. Compared with the high
throughput scheme, NRA of this work is only 45% less
than Ref. [ 21 ], which had high pipelined units and

dedicated design for each operation. Finally, NRA of

[22]

this work is far better than the IC implementation'™",

which supports multitude MIMO detection algorithms
by reusing QRD, aiming at energy efficiency, but
resulting in poor rate and area efficiency.

It is clear that this work has an advantage to sup-
port higher performance MMSE and QRD simultaneous-
ly, and the advantage will become even greater consid-
ering more requirements for programmable baseband
processing units of the future communication systems.

Table 6 Comparison results with Refs[ 14-23 ]

QRD Flexible Imp

MMSE Flexible Imp Lementations ~MMSE ASIC . QRDASIC Multi-mode
Lementations
References This [14] [15] [16] [17] [18] This [19] [23] [20] [21] [22]
Algorithm BAMI BAMI BAMI BAMI S.M cholesky  CMGS CMGS CGR RMGS RMGS BAMI CGR
Format Fi-16 FL-16 FL-16 FL-18 Fi-22 BFP-23 Fi-16 Fi-24 Fi&FL Fi-23 Fi-16 Fi-16
Cycles 8.5 202/4 166/2 69 17 16 8.5 24 5 35 3 58 20
Frequency/MHz 800 400 250 400 263 453 800 256 1300 400 416 166
Tech/nm 28 65 90 90 65 90 28 65 28 180 130 65
Rate (M M/s) 94.12 7.93 3 5.8 15.47 28.3 94.12 10.66 260 11.5 138.67 2.86 8.3
Area(K Ge) 420 90 210 123 597 299 420 149 - 32.6 328 469 =
Power(mW) 83 N.M - 200 - - 83 48.2 - 15.5 - 300.9
SIMD, VCU(unit) 16,1 4,1 2,1 4,1 1,1 - 16, 1 - 16,4 - - - -
NR (M M/s/unit) 94.12 73.6 77.1 74.6 574.6 90.96 94.12 - 65 18.5 160.9 6.6 19.3
NRA (MM/s/kGe) 0.224 0.205 0.046 0.152 0.06 0.304 0.224 0.166 - 0.567 0.491 0.014 0.041

# Excluding the area of memory

4 Conclusion

A Taylor series expansion algorithm based design,
for MMSE and QRD of MIMO systems based on ASIP,
is proposed. TSE algorithm is used to replace two
resource-consuming operations of reciprocal and RSR,
and to support MMSE and QRD simultaneously for MI-
MO baseband receiver. Furthermore, instruction set
and the allocation in SIMD-VLIW architecture for
MMSE and QRD are provided, which can obtain effi-
cient data parallelism and instruction parallelism for
different dimension matrices and operation types. Mean-
while, perfect numerical precision can be achieved
using the TSE ISA of table lookup and vector inner
product function, which supports flexible table size and
TSE order. Experimental results show that the proposed
algorithm provides higher matrix throughput better than
the requirements of 5G system, more rate-area efficien-

cy comparable with the ASIC implementations, and
multiple magnitude of precision within the bit-width of
ASIP data type. In future research, higher rate-area ef-
ficiency implementation will be considered aiming at

both flexibility and efficiency for ASIP.
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