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Motivations

Design of a communication system...

emitter Source Channel | \| Modu
E> coding 'jV coding —v| lation >

Chann€l

receiver Source Channel Demodu y
<: decoder '<— decoder \— lation |\

™

...find the best complexity-performance trade-off
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Motivation

UBS Cider Seminar, University of Toronto, August the 24th 2001

Performance:
- BER
- Jammer rgjection o NI
- time of synchronization. &

Complexity: | N
.. algorithm
- area, power dissipatio ADC resolution
- time to market sampling frequency,
- fixed precision
/
A very complex problem...
— LESTER
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Monte-carlo ssmulation

et

* Formal expression of the BER: refer to Proakis
* In practice, estimation of the BER using Monte-carlo ssmulation

1) Software model of emitter, channel, receiver
2) Emulation of the transmission of N bits
3) Estimation of the BER as Nb_errorsg/N

VERY FLEXIBLE
but...
TIME CONSUMMING: BER of 10° (+-3%) requires 10° bits.
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Software ssmulation

et

Three methods to reduce the smulation time;

a) code optimization
b) powerful computing

c) parallel computing
(One Mbps for aturbo-decoder with a cluster of 16 PCs)

al so use hardware emul ation

LLESTER
s e

Tahmminas Flis, Srstamm | Tl

Cider Seminar, University of Toronto, August the 24th 2001



Current methodol ogy \

Software Hardware
Algorithm VHDL programs
" Programs Synthesis, place and route
Compilation operations
Validation

Validation/optimization
with long simulations

Final prototype

Fix specifications
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Proposed methodol ogy \

Software Hardware
Algorithm |
Generic VHDL programs, |P
C programs
P Synthesis, place and route
Compilation operations (on FPGA)
V alidation/optimization Hardware ssmulation/validation

Final prototype

Fix algorithm + Set of non-
specified parameters
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Channel emulation

et

Type of communication channel:
- AWGN
- Rice
- Rayleigh

All those channels can be derived from Gaussian
Noise (with ARMA filter, non-linear operators).

=> Need a White Gaussian Noise Generator (WGNG)
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Specifications of the WGNG

b=2 to 10 bit after the dot
Sample between -8 and 8

i a Flat

x spectrum
i _UP o a(4o, 1%) normal-like pdf
seed,| WGNG _
init >QOut_v £ (X) — X(X) N(O,l)(X)
S I 4 N(0D)(x)

Output rate > 10MHz [€x(¥)|<1% for [x|<4

A periodicity > 2%
+ LOW COST FPGA IMPLEMENTATION
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Previous WGNG

0) Using thermal noise of aresistor (non deterministic)

1) Case of low ADC precision

2) Central limit theorem

3) Box-Muller method
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Case of low ADC precision (1) \

et

P(b=+1y,) oY
1 —>oYs
-1 o \\:Oyl
°Yo
Emitter N=4-Level ADC of thereceiver

The probabilities P(x=1, y;) are known for agiven SNR

Example: P(b=+1,y,) = 0,3 P(b=+1,y,) = 0,5
P(b=+1,y,) =0,15 P(b=+1,y;) = 0,05
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Case of low ADC precision (2)

k
Repartition functionS = ) P(x=i,y=j)
J=0

$=0.05 S,=0.8 -
0| S=0.2 =
ESTIE

Segment [0,1] ]

——» 0 <x/2a< S)

X — S < x/A<
Ud Generator |/ X * Compare| g.i < X/29 < %
{0,1,...29-1} — S, <x/2<1

- Precision depends ap Complexity in OgN)
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Centra limit theorem

Xisared r.v. of mean m and standard deviation o,,

Xy definedas: Xy =0 5 (x—m)
X 1=0

tends towards N(0,1), when N tends towards infinity.

Let U(g,N) = sum of N U9, (Uniform distribution over {0,...,21})
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P.d.f. U(g=8,N=2)

x 10

e 7S S |

4

250 -—--
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P.d.f. of U(g=8,N=4)

LLESTER
Tnkmmimit s 'l ki sy dos Yot 1] s

18

BUBL=

Cider Seminar, University of Toronto, August the 24th 2001



P.d.f U(g=8,N=8)
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Epsilon function

The convergenceisvery slow...
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Box-Muller method

et

Method used in software program:

If X, and x, are two uniform r.v. over [0,1], then:
f (%) ==In(xq)
g(xp) =~/2c08(27%;)
N=104)9(X)

give asample n of the normal distribution

Efficient with afloating CPU unit, not with an FPGA
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Proposed method

Quantized version of Box-Muller method adapted to
hardware implementation
=> rough distribution

Smooth the distribution using central limit theorem

Desire an accurate complexity model and an exact distribution
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Quantization of f(x,) \

f(xy)= - In(Xy;)
t 1(4@

Plot of function f(x,) 3 FJ_l@ij“
As1(2)=1.8102

2

¢ 1(1)=0.36

0 / 0.2 04 0.6 0.8 1

Need a fine quantization around O

IFHTFR
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Non uniform quantization (1) \

Lets, S, ..., S beK independent r.v. af bits (distribution U)

0 A=2 2A 3A quzl ROMT,
rank 1 et
A2 2A2 3A2 2qA2—A ROM,
rankz I||IIIIII
K K aAK AAK=p K-1
AK  2AK 3A p.2 AK=A ROM f,
rank K | | | } | } I | I

If >0, use ROM,, else ifs,>0, use ROM, ... and so on...
Result: the probability to draw segmerf rankr is 21
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Pre-compute values of the ROMs

The quantized value associated with the ROM r at the address sis:
f (%) =/—In(x)
fr(9)=[2™In((s+o)8 ) (x2™)

\6 rel ative position

of X, 1N segment
T sy [SAY, (s+1) AT

Remark: Probability to draw f,(s) is P(f,(s)) = 2
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Example of quantization of (x,) \

K=3, =2, m=2, 0=1/4

Rank 1
Rank 2

o~ Wk W

ROM f,
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Quantization of g(x,) \

Let usdefine s, aq bit random variable
' = 2-9 is the quantization step of segment [0,1/4]
ROM g (s’) is quantized as:

g(s’) — %m’x/éCOSEWA’(S;_J)% (xz—m’)

O’ relative position
1bit N M| of the point in segment
[SA", (S+1) A [

The problem of sign isanalyzed later
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Example of quantization of g(x,)

et

)

OONOIW|F-

g'=3, m=3, 0'=1/2

Lo g(0)

T SN0 N N R N Probability to draw
125 gy lagiven point IS
L g (PE)=29

0875
075
0.625
05
0375

10 70725
| | | | | | | V4
o125 o S
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Half Box-Muller r.v.

e (s,r,s)0JS,

et

For agiventriple (sr,s’), n* (Half Box Muller) is computed as:

+ _ O (s)*xg(s)0 VOB *
- H omm=b 5 (x2°7) ()

n

Let S, bethe subset of {0, ..., 29-1}x{1, ..., K} x{0,..., 29-1}
of all triples &,r,s) that given* using (*)

P(f, (s),g(s)) =274
(1:(9).9(5)) The exact probability
P(HBM =n") = Z P(fr(s),g(s)) density function of
HBM can be computed
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Construction of HBM

scaling = pow2(mf + mg - b);

for s=1.pow2(qg f)-1 )
for r=1:.K >~ Exhaustive exploration
for u=1l:pow2(q_g)
n=floor((romf(s,r)*romg(u)/scaling);
HBM n+1) = HBM n+1) + pow2(-(r*q f + g g));
end; ~ ~— —
end: Probability of the triplet s,r,u
end;
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Box_Mullerr.v. \

From abinary r.v. sign, Box-Muller p.d.f. is obtained

A

— |

n=(1-2sign) n*-sign

\ A N
BM

The exact p.d.f. of BM can also be computed

LLESTER

Tnkmmimit s 'l ki sy dos Yot 1] s

BUBL=

Cider Seminar, University of Toronto, August the 24th 2001 32



Example of distribution

Parameters. .
b=6 bits after dot Complexity:
K=5f ROMs 5 ROMs 16x10 fof,

g=4 (16 words ROM for f.)
q'=8 (256 words ROM fop)
m=7 (3+m=10 bit-word fof,)

1 ROMs 256x7 fog
5x4 + 8 +1 = 29 binary r.v.
10 bits x 7 bits multiplier

m'=6 (1+m’=7 bit-word forg)
0=0.36 0'=0.5

et
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Resulting p.d.f.

o
|
| B =

0.01

0.008/

0.006/ W

0.004 |

0.002/ J@M@% M |
% 6 4 2 0 2 4 &

-8 8

Large variations around N(0,1) due to quantization effects
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Epsilon function

|
0.05 " m

Epsilon(x)
o

005/ || q L
0.1 ? 1
0 1 2 3 4 5

X

Need to smooth the variation with central limit theorem
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Use of central limit theorem

5x10'3
| 4
Generation of BM,, R T
as the sum of ] ENNE SR SN Y O 0 N SN SO SO
two independent
drawsof BM, 2
1 T T O
% -6 6 8

LLESTER
I - W mWm 8/ /8W / / / /m / mWtwWt! ! e o ds Vrckimms |l ]
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Use of central limit theorem

0.1

0.05

Epsilon(x)
)

-0.05

1 KBM2 IS much better thaBM,,
M Ul butstill not(4o, 1%)
normal-like p.d.f ...

1 2 3 4 5
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Distribution BM,,

x 10
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Performance results

Maximum relative error &, (x) between the ideal gaussian
distribution and BM,

A
2 3 4 5
1 =0. 44 0. 65 0. 08 0. 15 0. 29
2 =0. 453 11.5 1.96 0. 93 0. 43
3  0=0. 445 20. 2 2.12 0. 56 0. 34
b 4 =0. 467 64. 6 5.4 0.71 0. 31
5 =0. 467 57.3 5.4 1.12 0. 69
6 0=0.467 71.9 5.8 1.38 0. 93
7 =0. 467 237 8.4 0. 68 0. 28
8 =0. 467 503 26. 5 1.76 0. 26

b : number of bits
after decimal point

A : number of
accumulations

g=4, K=5, d'=8

The quality can be controlled with MATLAB

Cider Seminar, University of Toronto, August the 24th 2001
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Global architecture

ROMS A iterations
2/ :, (4.(in4m))2
——=> |(2m)2 (4.5, (40); R | |(4+log(A).b):
fr -Wtrum#@é 5 >
LFSRI% 3,
%l, g’ ; (/}.m’)z
| g()
1, sign
/

Architecture complexity = f(parameters)
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Generation of binary variables

A LFSR of length | can generate a binary “random like” sequence

of periodicity 2-1

]

X
R

S
ok f

"y

f>

%3
R

f>

x4
e

f>

F>

X" mod P[X]

The periodicity of all LFSRs should be relatively prime in order to
maximize the periodicity of the WGNG

=> Choice of so that 21 is a prime number

Cider Seminar, University of Toronto, August the 24th 2001
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Optimization for FPGA \

RD

LCELL of the FPGA:

Lol
=
<

=> g=4, in order to use LCELL for ROMsf,

=> Use LFSR performing X4" mod P[X] instead of X"mod P[X]:
- 4 bits generated per cycle instead of 1 bit
- Same hardware complexity
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Synthesis results

A=4
Parameters € b=6
LFSR length = 22,21,20,17,13,7,15 (G, Fr and sign)
FPGA cells memory clock rate |Output rate
device block
10K100AR 434 1 (4MHz 18.5MHz
C240-1
10K100EQ 437 0.5 98MHz 24 .5MHz

Cider Seminar, University of Toronto, August the 24th 2001
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Experi mental results \

Epailan(x)

1

0 ".

[ S N J—
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; 5 | A ll'l“' |
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008 [
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Conclusion

Box-Muller Centra-limit

© method S

Parameterizable low complexity WGNG
Quality can be fixed

Undergoing work to extend WGNG to
Rayleigh Noise generator
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