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ABSTRACT

This paper proposes strategy based VLSI
architecture designed for estimating power
consumption for the pseudo inverse of augmented
channel matrix used in MIMO system. MIMO
technology involves highly complex signal
processing at the receiver end which is directly
related with increased in power consumption. The
VLSI architecture presented in the paper is based
on Square Root Decoder algorithm. A simulation-
based analysis has been carried out to evaluate the
QR decomposition of 2x2 MIMO systems. The
PINV module of Square Root decoder algorithm
has been designed and simulated in Xilinx System
Generator tool. The total power consumed by
Pseudo Inverse module is obtained as 239mW.

Keyword: MIMO, SIMULINK, SQUARE ROOT
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1.INTRODUCTION

MULTIPLE-INPUT MULTIPLE-OUTPUT
(MIMO) wireless communications technology has
gained considerable attention in recent years due to
its potential to significantly increase throughput
compared to traditional single-input single-output
(SISO) technology. In the modern era of
communications, the ability to send large volumes of
data is crucial. The weight and size are the bottleneck
of portable electronic systems which is directly
affects power and cost impacts.

In CMOS, sources of power consumption
include short circuits, leakage currents and switching.
The switching or dynamic power equation is
described as:

P = kC, V?f €Y}

where k represents the switching activity
factor C;, the total physical capacitance, V the supply
voltage and f the frequency of operation. Algorithmic
power optimization includes reduction of both
physical capacitance and switching activity factor.
Physical capacitance can be reduced by reducing the
area of hardware through efficient implementation
[5]. Switching activity reduction either comes from
area reduction that reduces the number of nodes or
from reducing switching frequency of nodes. One of
the algorithmic optimizations is reducing redundancy
[6] from a design. By reducing the redundant
operations or hardware, unnecessary switching of the

Clock as well as other signals can be avoided,
thereby saving power consumption.

V-BLAST (Vertical Bell Labs Layered
Space Time) is an architecture proposed by Bell Labs
to use the added degrees of freedom to send separate
signals on each transmit antenna and jointly decode
all of them with the receive antenna array [1]. This,
theoretically, increases the capacity of the channel
linearly with the number of transmit antennas as long
as the receive array is at least as large as the transmit
array. In VBLAST, the bottlenecks are repeated
pseudo inverse calculation required to compute
optimal ordering and nulling vectors.

The only VLSI architecture for computing a
pseudo inverse module through the square root
algorithm has been devised in [4] in which a 3-
CORDIC based supercell proposed in [2] has been
used. The architecture presented in [4] is a straight
forward implementation without regard to area and
power optimizations. The architecture proposed in
this paper for pseudo inverse computation exploits
the parallelism inherent in Jacobi’s rotation and is
different and better from the architecture in [4] in that
it uses two independent and generic pipelined
CORDIC units instead of three [4], thereby saving
area and power. The scale correction in CORDIC
units in the proposed architecture is carried out
through 4 shifters and an adder instead of a 16-bit
multiplier thereby saving area and power in scale
correction.

2. MIMO SYSTEM MODEL

In MIMO communication systems, more
than one antenna is used at the transmitter to transmit
symbols and more than one antenna is used at the
receiver to receive them. In the diagram of Figure 1,
spatial multiplexing is used and M transmit antennas
transmit M symbols simultaneously while each
symbol is received by the N receive antennas. Each
symbol transmitted is received by all the receiving
antennas thus making multiple channel paths. These
paths, if combined, make a matrix of channel
elements.

Each symbol makes N channel paths and is
received by N receive antennas. Since there are M
symbols transmitted simultaneously, the channel
becomes a NxM matrix
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Figure 1: MIMO system model

If s = (sys,..su)" denotes the symbol
vector transmitted and a vector r = (11, 1,)" for
received signal, H denotes the NxM channel matrix
between the receive and transmit antenna array, and v
denotes the AWGN independent and identically
distributed noise vector, then the corresponding
receive vector r at the input of the MIMO receiver is
given by:

r=Hs+v (2)

2.1 Square Root Algorithm for V-BLAST

In VBLAST, successive nulling and
cancellation is used to detect the transmitted symbols.
The channel matrix is first inverted and then
reordered to detect that symbol first which has the
highest post detection Signal to Noise ratio (SNR).
This corresponds to the row of the inverted channel
matrix having minimum Euclidean distance. The
symbol after detection is subtracted from the received
symbol vector. The corresponding column of the H
matrix is zeroed down and the process is repeated
with the deflated channel matrix until all the symbols
are detected. In this research, MMSE is used for
channel inversion. The pseudo inverse of a generic
matrix H is given by

H+ P (H*H)—lH* = R—lQ* (3)

The pseudo inverse can be computed using
either singular value decomposition (SVD) or QR
decomposition. The square root algorithm [3] is
developed for MMSE-VBLAST and computes the
QR decomposition of the augmented channel matrix.

NxM NxM
\/gIMxM] =QR :[an ]RMxM (4)

Here x denotes the entries that are not
relevant. The algorithm first decomposes the channel
matrix into QR a, + j,; and then computes P/2 =
R~'. Once Q, and P'/2 are computed, the repeated
pseudo inverse can be avoided. The algorithm is
described below:

1) Compute Q, and P1/2 using equation (5):
Be, = X (5)
1/2
1 HREL] [ ov
_ _ 1/2
B =] gMx1 P|1i/—21 X=|x P|i—1
—e{"“ B, 4 X B,

Here i represent iterations and i = 1... N. B
is the prearray matrix and has dimension of

(L+M+N) X (1+M) and B> = =1,By = Opy !

is the i-th unit vector of dimension N and 6; is any
unitary transformation (Jacobi rotation) that block
lower triangularizes the pre-array denoted by M.
After N iterations,

B'* =P\/*and Q, = By (6)

Equations (5) and (6) are used in pseudo
inverse computation. For the rest of the algorithm,
the reader is referred to [3].

2.2 CORDIC

In  hardware, an efficient way of
accomplishing a Givens rotation is using a CORDIC.
CORDIC implements the rotation equations:

x = cosf (x —ytan#)

y =cosf (y+xtan8) (7)
When angles are selected such that:
tanf = 27" (8)

In this case, multiplication by simply
becomes a right shift. When several of these
CORDIC processing elements are used together, one
can rotate by an arbitrary angle by rotating by a
combination of allowed angles:

6 =tan"'270 (9)

For a rotation using a fixed number of
iterations the terms turn out to be a constant. The
constant scaling value can be seen in [6] for up to 15
iterations. For our design we need the CORDIC to
first rotate a vector to the nulling axis and then
remember the angle rotated to following vectors can
be rotated to the same angle. These two modes of
operation are known as vectoring and rotation,
respectively. The design of our CORDIC
implemented the rotation equations (7) using the
constraint on angles in (9) such that our final result
nullsy’. We also needed to design a CORDIC that
operates in vectoring and rotation mode.

In order to implement the equations, we
used shifters and adders to do the bulk of the work
along with simple decision logic. Each processing
element receives two input vectors and finds their
sign. It must now decide based on their signs whether
to rotate up or down.
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Figure 2: VLSI architecture for Pseudo Inverse [4]
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Figure 3: Conventional MAC Module

The main design platform used during this
project was SIMULINK. It is a tool-flow that enables
the use and creation of high level block diagrams
which can be used for simulation, emulation, and
hardware description. The blocks used in this design
were from the Xilinx block set. Based on Xilinx
block set the architecture of Pseudo Inverse is
designed and can be seen as follows:

i
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Figure 4. VLSI architecture for Pseudo Inverse
designed by Xilinx Blocksets.

3.RESULTS

Every block was tested extensively in
simulation. Testing was done by performing the
algorithm for that block in MATLAB, Xilinx System
Generator and Xilinx ISE to obtain the expected
values given certain data. The blocks were then given
the same inputs as the algorithm was given in
MATLAB, simulation was run, and the outputs of the
blocks were reviewed. All of the blocks performed as
desired, given several known test inputs of a wide
range. The total power consumed by Pseudo Inverse
module is obtained as 239mW.
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Figure 5: Power Analysis of PINV Module

Figure 6: Device family and package used for Pseudo
inverse Module

It is clear from Fig. 7 (b) that in Pseudo Inverse
Module, CORDIC has used two third of the chip
area. However area use by Flip-Flops, Look Up table
etc. can be viewed by the figure provided below in
Fig. 7(a).

Device Utilization Summary ‘ [-1

Logic Utilization Used Available Utilization Note(s)
Mumber of Slice Flip Flops 1,703 7,168 2%
Muribet of 4 input LUTs 1,714 7,168 23%
Mumber of occupied Slices 1,184 3,584 3%

Mumber of Slices containing only related logic 1,184 1,184 100%

Mumber of Slices conkaining unrelated logic 0 1,184 0%
Tokal Mumber of 4 input LUTs 1,911 7,168 6%

Mumber used as lngic 1,639

Mumber used as a route-thru 197

Mumber used as Shift registers 75
Mumber of bonded 10Bs 57 173 3%
Mumber of RAMB16s 1 16 &%
Mumber of MULT18x185 4 16 5%
Mumber of BUFGMUYs 1 L] 12%
#verage Fanodt of Nan-Clock Hets 1.94
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Figure 7: (a) Area utilization summary for Pseudo
inverse Module (b) layout of Pseudo Inverse module

4. CONCLUSION

Instead of QR triangular array that employs
large number processors, single processor based
VLS| architecture is proposed for V-BLAST
detection. The quantization scheme of the square root
algorithm for V-BLAST detection is presented
considering the tradeoff between the hardware
complexity and the performance. The proposed
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architecture is implemented in SIMULINK used by
special sets of XILINX block sets. While the full
Square Root algorithm was not designed, the major
computationally complex parts were. Finding p'/?
enables one to easily perform SIC and subsequently
decode information streams in  V-BLAST
architecture.

The future work will be addressed to design
and implement other module of square root algorithm
like SORT and NULL for power analysis and area
utilization.
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