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Abstract
Multiplication is an important part in real-time digital
signal processing (DSP). The present work deals with
the design and implement of complex multiplier/mixer
using Field Programmable Gate Array (FPGA) chip
with low cost and high speed.
Two devices of FPGA are chosen to implement the
design; to achieve the task of mixer system
implementation. The rules that are important for such
implementation are proposed in order to reach the
minimum cost and high speed requirement for the
individual component of mixer system. These
components are software simulated using VHDL
language, with software called MODELSIM version
SE-EE5.4a. Since mixer is important in any digital
receiver because of high speed need, so different
multiplier method are proposed with different data
resolution and different worst case of additional noise.
To achieve high speed data, a parallel tree multiplier is
used with Wallace tree method which is optimal in
speed but it has a complicated routing that makes it
impractical to implement, because of this, we present a
modification for fast parallel multiplier using both
Wallace tree and Booth algorithm to achieve a
sufficient design for most of DSP application. The
proposed design of mixer is simulated using 1SE4.1i
and results in successful achievement of its desired
specification.  The  final  implementation  of
programmable (4, 8, 16, 32 and 64) bit mixer data input
resolution is achieved using Virtex-11 devices and also
implemented in LP-2900 CPLD device. The resulting
performance depending on multiplier method are
viewed in mixer cost. However, the routing is much
more regular with great reduction in FPGA cost and it
is achieved for the desired mixer when compared with
other methods.

Keywords: Digital Communication, VHDL, FPGA,
ISE4.1i, Virtex-Il, Wallace tree, Booth
algorithm.

1. Introduction

The function of the mixer is to multiply the incoming
signa by the locally generated sinusoid to shift the
spectrum of the signal. A straightforward implementation
uses two multipliers, one for each the sine and cosine
terms [1]. The mixer can mix either a real or complex
input with the Numerical Control Oscillator (NCO) sine
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and cosine outputs. For down-conversion, the mixer
performs the equation:

Mixer Output = (li + j Qi) (Cos- j Sin) 1

This can also be represented in the following form:

Mixer Output = ((li Cos) + (Qi Sin)) + j ((Qi Cos) - (li Sin)) 2

It is evident that this equation requires four multipliers,
an adder and a subtractor. When a rea input is desired,
the Q input path is replaced with a fixed value of 0x0000.
Then the above equation is reduced to:

Mixer Output = li (Cos- j Sin) 3

The Mixer can operate in three modes. Normal Mix
Mode, Disable Oscillator Mode, and Disable Data Mode.
In the “Normal Mix Mode,” the mixer mixes the input
data with the NCO cosine and sine outputs. The “Disable
Oscillator Mode” alows the input data to bypass the
mixer and flow directly through to the output. This is
accomplished by replacing the NCO cosine with a
constant value of OxFFFF and sine with a constant value
of 0x0000. The “Disable Data Mode” alows the NCO
cosine and sine outputs to bypass the mixer and flow
directly through to the output.
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Figure (1) Mixer block diagram [2]

Thisis accomplished by replacing the input data “I”” with
a constant value of OxFFFF and the “Q” with 0x0000.
The complex multiplier block diagram is shown in fig.1.

2. Multiplication in FPGA [3, 4]

Multiplication is basically a shift add operation. There
are, however, many variations on how to do it. Some are
more suitable for FPGA use than others. Bit —parallel
multiplier are of two main types, array and tree
multipliers. Because of speed and power consideration,
the selection, here, is a tree multiplier structure. There
are many tree structures one of them is Wallace tree.

A Wallace tree is an implementation of an adder tree
designed for minimum propagation delay. Rather than
completely adding the partial products in pairs like the
ripple adder tree does, the Wallace tree sums up al the
bits of the same weights in a merged tree. Usually full
adders are used, so that 3 equally weighted bits are
combined to produce two bits. one (the carry) with
weight of n+1l and the other (the sum) with weight
n. Each layer of the tree, therefore, reduces the number
of vectors by afactor of 3:2. The tree has as many layers
as is necessary to reduce the number of vectors to two (a
carry and a sum).The structure for this type of multiplier
isshowninfig.2

Wallace tree is a tree of carry-save adders. A carry save
adder consists of full adders like the more familiar ripple
adders, but the carry output from each bit is brought out
to form second result vector rather than being wired to
the next most significant bit. The carry vector is 'saved'
to be combined with the sum later, A Wallace tree
multiplier is one that uses a Wallace tree to combine the
partial products from a field of 1x n multipliers (made of
AND gates).

If the Wallace tree combined with afast adder can offer a
significant advantage there. As Wallace treeis optimal in
speed but it has a complicated routing, which in makes it
impractical to implement since the cells in the tree has
different loads and must be individually optimized, so a
modification for fast parallel multiplier using both
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Wallace tree and Booth algorithms the overturned-Stairs
adder is one of the modification of the Wallace tree
which has the same speed of Wallace tree and is
sufficient for most DSP and communication application.
However, the routing is much more regular.

3. Wallace tree with booth algorithm
multiplier (WBM)

Wallace Tree agorithm used to sum the partial products
in reduced time and Booth algorithm has been used to
reduce the number of partial products generated in a
multiplication process. Booth observed that when strings
of '1' bits occur in the multiplicand the number of partial
products can be reduced by using subtraction So, when
both agorithms are combined in one multiplier, we can
expect a significant reduction in  computing
multiplications .The delay is proportiona to log(n) for
Wallace Tree multiplier as shown in fig.3 which
represent the relation between the number of input bits
and the delay in Wallace Tree multiplier [5,6]
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. . . . . . . . . The worst level of additional noise in digital system for
different resolution (different number of bits) is shown in
= i fig.4. From this figure we can see the level of additional
2 noise for 8-bit case is highest (-36 dB), which is not
el . suitable for most application of digital systems.
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There are multi sources of additional noise in receivers Figure (4) Theworst noise in Mixer system

such as that due to multiplication and addition that will

be generated in the output data. So the worst case of  However 12-bit design give critical implementation (-60
additional noise can be described by the following dB) which need a careful design and it may not be
equation. [7] suitable for all normal application. So more than 12-bit
can cover al the normal application and it give ability to
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Figure (5) 32-bit Mixer test in hexadecimal values. Figure (6) ISE 4.1i run window for 16-bit mixer
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5. System
selection

implementation and device

The proposed design and implementation of mixer
system is presented as five designs of mixer which
simulated depending on multiplier method and resolution,
hence it implemented using Virtex-l1I FPGA where all
stages are choosing the target device [8]. The software
used to implement the functions and all the components
arewritten in VHDL code. All components are combined
and checked for errors in syntax [9, 10]. Finally all the
designed systems are synthesized and ready to be
delivered to the target device. As al vertix-l1l1 devices
have the same specifications except for their number of
slices. Thefirst selected device is XC2V 250 but for extra
resolution of mixer, we use another device XC2V1500 in
order to cover this implementation. Also CPLD Altera
with LP2900 device kit was used for real download
implementation.

5.1 Waveform Test

Fig.5 show 32-bit complex multiplier waveform test in
hexadecimal values output conversion

In Fig.6 we can see the implementation of the designed
16-bit mixer using device (XC2V 250-4fg 456).

6. CORE RESOURCE UTILIZATION
Tables 1 and 2 show a comparison between two’s
complement programs of (3 bit, 7 bit, 15 bit ,31 bit, and
63 bit input) using X C2V 250-4fg 456

Table (2) Two’s complement Map report

Design | 22C3-| 22C7- | 22C15- | 2°C 31- |2’C 63-hit
summary |bit input| bit input | bit input | bitinput | input
2outof |5 out of |11 out of|23 out of | 47 out of

Z?ég 1536 | 1,536 | 1,536 | 1,536 1,536
0.130%] 0.325% | 0.716% | 1.497% | 3.06%
No. of |4 out of |10 out of |22 out of |46 out of| 93 out of

4 input | 3,072 | 3,072 | 3,072 | 3,072 3,072
LUTs |0.130%| 0.325% | 0.716% | 1.497% | 3.03%

No. of |8 out of |16 out of | 32 out of |64 out of | 128 out of
bonded 200 200 200 200 200
10Bs 4% 8% 16% 32% 64%

Total
equivalent
gate count
for design
Additional
JTAG Gate

count for
10Bs

24 60 132 276 558

384 768 1536 | 3,072 6,144

Table (1) Two’s complement synthesize report

Tables 3 and 4 show a comparison between Wallace tree
with Booth algorithm multiplier (WBM) programs for (4
bit, 8 bit, 16 bit, 32 bit, and 64 bit input) using
XC2V250-4fg 456.

Table (3) WBM synthesize report
Design |WBM |WBM |WBM WBM (WBM
statistics| 4 bit | 8 bit | 16 4 4
and cell | input | input | bit |32 bit|64 bit
usage input | input | input
I0s 16 | 32 | 64 | 128 | 256
10 8 16 | 32 | 64 | 128
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Design
statistics | 2°C 3-bit | 2°C 7- bit | 2°C 15-bit | 2°C 31-bit | 2°C 63-bit Buffers
and cell | input input input input input
usage
10s 8 16 32 64 28 Table (4) WBM Map report
BELs 4 10 22 46 94 WBM | WBM | WBM | WBM 4 | WBM 4
LUT2 1 3 7 15 31 Design summary | 4 bit 8bit | 16 bit 32 bit 64 bit
LUT3 1 5 13 29 60 input | input input input input
Number of bonded 8 out of|16 out of|32 out of| 64 out of | 128 out
LUT4 2 2 2 2 2 1oBs 200 | 200 | 200 200 | of 200
10 4% 8% 16% 32% 64%
8 16 32 64 128
Buffers
Additional JTAG
delay |8.860ns| 11.026 ns | 16.706 ns | 28.066 ns | 50.595 ns Gate count for 10BS 384 768 | 1536 | 3,072 6,144
Levelsof | 4 5 9 17 3
logic

Tables 5 and 6 show a comparison between
Adder/subtractor programs (8 bit, 16 bit, 32 bit, 64
bit ,and 128 bit input) using XC2V 250-4fg 456.
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A comparison between Wallace tree with Booth
algorithm multiplier and normal multiplier which are

shown in tables 8 and 9.
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Table (8) Synthesize report for two types of
Table (5) Adder/Subtractor synthesize report multipliers
Design  |Add/Sub|Add/SubAdd/Suly Add/SublAdd/Sub . - i
s - . . . . Design statistics Normal |[Wallace Treewith Booth
statistics and _8 bit :_L6 bit 32 bit 64 bit 1_28 bit and cell usage multiplier algorithm multiplier
cell usage | input | input | input | input | input
10s 26 50 %8 194 | 386 10s 16 16
BELs 30 1
BELs 16 32 64 129 258 LUT2 10 No LUT used
LUT2 1 1 1 1 1 LUT3 2 No LUT used
LUT3 1 1 1 1 1 LUT4 17 No LUT used
10 Buffers 16 8
LUT4 14 30 62 126 254 delay 15.741 ns 0.602 ns
10 Buffers 26 50 98 194 386
del 18.068 s 27.792 | 48.348 | 89.529 |168.228 —
&y : N ns ns ns ns Table (9) Map report for two types of multipliers
Levels of Wallace Treewith
logic 10 18 A 67 131 Design summary Normal multiplier | Booth algorithm
multiplier
. 15 out of 7,680 .
Number of slices ' No slice used
Table (6) Adder/Subtractor map report 1%
Design Add/_Sub Add/S_ubAdd/S_ubAdd/S_ub Add/St_Jb Number of 4_input LUTS 29 out t())f 15,360 No LUT used
8hit | 16bit | 32bit | 64 bit | 128 bit 1%
summary | . . : ; ;
input input | input | input input
No.of | 90utof [ 17 out [33 out | 66 out 131 out of Number of bonded 10Bs| 18 O‘jlto/o‘( 392 8 ou;;f 392
dices | 1536 |of 1,536/0f 1,536|of 1536 1,536 ° ’
0.586% | 1.106% | 2.148% | 4.297% | 8.529% Additional JTAG Gate 768 384
No. of |16 out of| 32 out | 64 out |129 out[258 out of count for 10Bs
4 input | 3,072 |of 3,072|of 3,072|0of 3,072 3,072
LUTs |0.5208%]|1.0416%42.0833%4.1992% 8.3984% Then the Wallace tree with Booth algorithm multiplier
386 out of used in the mixer program was replaced by the normal
No. of |26 outof| 50 out | 98out |194out| 200 multiplier and compared the results which are shown in
bonded 200 | of 200 | of 200 | of 200 [93%(errori tables 10 and 11 using X C2V 1500-5bg575.
10Bs 13% 25% | 49% 97% |occursin
this case) . -
Tota Table (10) Mixer wnthlw zle report for two types of
i multipliers
equivalent) g6 | 195 | 384 | 774 | 1548 : E —
gate count Design Mixer with Normal | Mixer with Wallace
for design statisticsand multiolier Treeand Booth
Additional cell usage P algorithm multiplier
JTAG 10s 30 30
Gate count 1,248 | 2,400 | 4,704 | 9,312 | 18,528 BELS 149 >
for IOBs LUT2 7 No LUT used
LUT3 763 No LUT used
LUT4 7 No LUT used
Table (7) Mixer Map report using X C2V 1500-5bg575 10 Buffers 30 18
Design  |Mixer 34| Mixer 8 | Mixer 16 | Mixer 32 |[Mixer 64
summary | bit input|bit input| bitinput | bit input | bit input
No. of 18 out of | 34 out of | 66 out of | 130 out of {258 out of
bon ded 1OBs 392 392 392 392 392
4% 8% 16% 33% 65%
Additional
JTAGGate| gy | 1632 | 3168 | 6240 | 12,334
count for
10Bs
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Table 11 Mixer map report for two types of multipliers
. . Miser with
Design summar IVIII\IX()errmV\glth Wellace Tree and
9 y .. | Booth algorithm
multiplier ey
multiplier
82 out of
Number of dlices 7,680 No Slice used
1%
147 out of
Number of 4_input LUTs| 15,360 No LUT used
1%
30 out of
Number of bonded |IOBs 392 18 out of 392
4%
7%
Additional JTAG Gate
count for IOBs 1,440 864

The FPGA floorplanner editor results of mixer of 32 bit
input are shown in fig.7
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Fig.7 FPGA editor result of a 32 bit input mixer
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7.CONCLUTIONS

The main features considered for the designed
complex multiplier/mixer is the low complexity to be
suitable for implementation using FPGA chip. Different
resolutions of Wallace tree multiplier are considered with
modification of Booth algorithms to achieve more
promising enhancement multiplication in FPGA.

Mixer who implemented using Wallace tree is optimal in
speed but it has a complicated routing, which in makes it
impractical to implement since the cells in the tree has
different loads and must be individually optimized, so a
modification was consider with fast parallel multiplier
using WBM where overturned-Stairs adder is one of the
modification of the Wallace tree which has the same
speed of Wallace tree and is sufficient for most DSP and
communication application.

A comparison between norma Mixers with high speed
processing WBM Mixer were considered.
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