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2.1.1 1EEE
WX =x0,21,..., 001 NS &, HEEREERECH p(X) = Pr(X =), H45E R
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Figure 1 The block diagram of communication system

3 plan) ogp(as), 2)
1=0

Forpot 5 log At RSO 2, IR A BURFR R 2 AL AR AN 2 TR B &, o P2
MIRREHE R H KGR ER R 22
e —ou R LA R IR B EUE SO H (p) B 10k (3) P
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Hrb Hp) N—Meg %, B B, H(p) BREUE p= 0.5 Ak FiKME 1, 78 p =0 5 1 4B FI /b
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2.1.2 HIER
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HANEIE 2 s, HApmg A g EEme s, M b, K5 B RGeS RO T
FEL B o PR TR P S AN T E B MR A, AT AT UREIE (S R 2 P 5 SR L s ML T HL B R .

406



RERY FEERY 46 FH 3

Noise
X . Y
— Transformation
HX) r H(Y)

2 BRERGHIFNER I

Figure 2 Equivalent transformation I" of communication system
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Table 1 Output and the clique energy for inverter

Input x Output y State Uc(z,y) = —(Ty + 27)

0 0 False 0

0 1 True —1

1 0 True -1

1 1 False 0

X X y ¥y
/ S I R e N |
Xy |
—¢ Yin |
|
Main part |
—0 SN e T
xy I
|
|
Zl / \ / \ Feedback part ]l
& 3 MRF KR4 E 4 MRF RIESIIHLER
Figure 3 Structure of MRF inverter Figure 4 Analysis model of MRF inverter
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IHTATE.

&4t CMOS A, 2 po JHIAN 0 BIZEAE Tt IERRIBEER, po WM 1 RISE0F T S IR A
xR, B

bo = p(‘/out =1 |‘/;n = O)inva

(10)
b1 = p(‘/out =0 |V;n = 1)inv~
H CMOS AHZME AR (23] FHAIXFTRRIE (B ERE 0 AT 1 FORE SR AR R X AR, 15
Po = p1 =D, (11)

He, p e [0,1) MM H IEFRIBEZR. DA 0 A1, B CMOS A SR RN, 2485 N\ ELAF o
ZRTHA 1R, K o, iR AR, FET I, SCHR [14) 2 7 MRF AHZS - NE 3, HF
R 4 Fros. ASCUAE 4 % MRF RAHEREEAT 4T, & A B R, W3 N
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58 N i 11 PO (B A2 AR 2R 1.
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% 2 MRF RESFMNEESR
Table 2 Truth table of MRF-based inverter

Truth table Value of input Value of output
x !
NAND-based inverter 0 0 1
1 1 0

FRE LS N ELER 0 ). B 4 W50, 245 N\ ELRR 0 2T 3R, 4 473 AR R HE SR B 2 15 7
5, BRI MRF JA e PE AL TG0 i 2%, OB LS B8 W0 A M EE 18 E A I b 4518
MRF RAH#E, & p, € [0,1] NN IEFIREZ, p, € [0,1] J9 Bt A E6f 1R, i)

po* = p(Vour = 1|V = 0)NaAND = P +Df — Dz - Dy,

(12)
pl* :p(vout =0 ‘V’E - ]-)NAND = Pz " Pf,
Forr po* NEIANTN 0 BOSRAE T 5 IEB IR, poe VRIS 1 264 T il IR PO RE =R,
=t (12) 53
po" =pit. (13)
SCEH RS R
p|correct = p(x = 1) - p(y = 0|z = 1) + p(x = 0) - p(y = 1|z = 0). (14)
3 E] CMOS JeAf#s 5 MRF SOHH 284 H IE 6 A%
PCMOS = P, PMRF = %(po* +p1), (15)

Horp A N ELARE 0 AT 1 AZEME, 40 Bernoulli 1.
3.2 ETEEiLx MRF RIEZEHNOHT

FF bR AY, ARSCE AR SRR (Gt IR R ISR T, BB MRF HiR S
&4t CMOS HLES Bt R U T A2 )5 2. BT 3&8 Jm HE IR OR300 2 A0 R R &R

1 * *
p= 5(270 +p1¥). (16)

FICEHEL T 4 KT MRF LSS s 2 (8] (015 20 . 20He . IR R UL RS ER
SRR RIS R G H, FRa HAHDGIER]. R TX 4 253, FANERRBERBEE TR 5H
BRATSEVEZ AR 2, HaEid e B, MRF HLBK 55 4% St L 2 18] 43 i oL TR A 7 22 e O A B R R 7 T
MRF S5 HIHERASKE BRI HEAL.

SIEE 1 R IEBRERAR R R AR R, d S BRI R N

H(Yemos) 2 H(YMrr), (17)

Ho i mis RAHEREA X,
JERR B4 AN Bernoulli 734 4, tNZR 3 Ao,
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Table 3 Input and output probability distribution

Probability 0 1
p(X) 3 3
p(Yomos) 1 1
p(Yurr) 3 =55 —p}) A i )
#x 4 BEWMEST
Table 4 The joint probability distribution
(X,Y) (0,0) (0,1) (1,0) (1,1)
p(X,Y)cmos s(1-p) ip ip 3(1-p)
(X, Y)MRF %(1 - Dy) %PE; %P’{ %(1 -p7)
2 A
ply=0)=plx=1) ply =0z =1)+p(x=0) p(y =0z =0), (1)
ply=1)=px=1) ply=1z=1)+plx=0) ply =1z =0),
1524 H RS A SR 3 Bk,
H (13) 15
1 1
p(y = 1mrr = =, P(y = 0)mrr < 5 (19)

2 2
BT H(p) RECA—MEE, H H(p) BREE p=0.5 Mk AME 1, £ p =0 5 1 Ak FH/D
5 0. Bl H(Yomos) < 1, HYurr) = 1, Bl H(Yenos) = H(Yugrr). HERE.
SIEE 1 U T AEAR RN A R IR AR SRR, CMOS SR A8 i HH AN E FE R T
MRF 2%, BP0 5455 CMOS ML, MRF HL g AT AR — 2 AN e
SIFE 2 fEfHH IERAMER AR F 00 2640 T, 2RISR

H(Yemos | X) 2 H(Yumrr | X). (20)

Hrp i E BA M ERRA X
IERR ik 3 . 3 (10) BLASK (12) PSRG0T, N3k 4 s,
I LI M, 79 3 2 1

H(Yomos |X) = H(p),

(21)
H(Vame |X) = 3 Hpo*) + 5 H(pr"),
et H(p), H(po®), H(pr*) KT (3).
T H(p) BECI—MERL, H™Hs by, B
Hlape™ 4+ (1 —a)pi*] > aH(po*) + (1 — a)H(p1™). (22)

I (16) , 2 a =3, A H(p) > SH(po*) + SH(p*). IEEE.
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513 2 Ui T A E RSN AT E B R, CMOS RAHZSEC A X BT, Y ASH & FE )
A m KT MRF AHZS, Bl 5480 CMOS AL, MRFE HL AT LAk /b— 52 B AN 2 B
3138 3 fEfd EMMERMFE AT, BEERRAN

I(X;Yomos) < I(X; Yurr), (23)

SO BT E AR A X

TR CEI LI A,

S1H 3 P17 7EAR R H0M VR 2 1, CMOS S HITEEN X M PET, v RihE
AT MRF 4444,

SIE 4 (EMHERBEAFNALE T, % ot = apo” (a € [0,1]), WILE WA G BEF o 438
. b, BB A MR X B ¢ = 100000 ¢ (1),

SRR JUHEN R LM B.

BRI 1 (E SR, ELGN AR S U A RO, MRE s 4 i
HL LI 5%

Vad—cmos 2 Vad—MRr. (24)
WEBR 4 EEEAEAFER, B3 (8) fg[ B 3 nE
fe—cmos 2 fe—MRF- (25)

A ARAE R, s (9) TR

ke (Vaa—cmos — Va)? S K (Vaa—mre — Vi)°
Vaa-cmosCL - Vaa-mrrCL
fi# 243 Vaa—cmos = Vaa—mrr. HEHE.
EI 2 fEfH IR, SEASE S REEEMFERZL T, W p1t = ape* (a € [0,1]), W
B HRIE AV B o BB, Hd, s EAHEARRA X H AV = % > 1.
IERR HEFL 11 Vaa—cmos = Vaa—mrr, B AV > 10 X512 4 B G BE# o S,
I EE A AR, i (8) 153 3 15
Je—cMos >, 27)
Je—MRF

HILER o B sk aEN, B ) 8, tEEElE AV B o SiEEE®, K
AV = fgdocmos

o RAE T 251t IE R R R A RRE, o BN IEAKRRPE R (o € [0, 1)), SRR AH H H R (1)
FeE S 1 Mz, RIS R LAl AV BEASKTRR T o SRR, IEEE.

HEHE 2 Af LA HI S50 MRF RARSS S Z BT DM T4 40 CMOS OAHZS AR i R E T, A
TR BRI G HORE 0 01 I IERREER 0 A0) M SR SEI A Dhfe, o i pe A A %
PR, AT LA F B F P e SR A

FI MATLAB 3EAT R (5 FSERE. B po* = 0.8 9B, fEEAS B 1(X;Y) Fl AV (AV = Jai-cuos)
I SRR FRE o MICRIZE, W 5 Fl 6 Fros.

HE 5 16 ATH, I(X; Yomos) < I(X; Yurr), AV > 1 H AV BEEMEBEARNTNE o BRI ITGE
T1 AR, X po* € 0.5, 1) AT EINR, LRG58 3 f 4 KEE 1 f 2 45t —3

ASCHI 7 RIRE AT T Hofth MRF B B R B T S H R A L L R R AT

(26)
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a
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Figure 5 Relationship between I(X;Y) and « Figure 6 Relationship between AV and «
4 RE

ASCEETAE R A £ MRF HLESBEAT 1 B8 0 A IR, (R B H A AR R W] SE R 1 26 1T,

MRF HLE% PR R AN T4 CMOS LS, F Hatk— 3D UF B H AR B R PRIPE 1% HS bRy o AR
L PIEBMER A RRTE . /4518, MRF B2 BTUR T4 49 CMOS L% WA R FI7E T, &
THER B AR S A6 TS BUR AR 2 ShRE, Ham I AL A AR, AT DUGE s B R RE TR, AR
SCERE EArHT, 45T MRF HLESHH LU AL S8 L B BEE SEACHL I N AR MR R, FHIER] TR A A
XIRRME /& MREF BRI — AN EE T8, N2 JERT MRF PR IIFE S fa et i - S it 7 e
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5132 3 fEfih IEFIBERMFRSIET, ERRRAN

I(X;Yemos) < I(X; Yvrr),

Hepfispis R FERmA X

JERR = (5) 1 (21) 153

I(X;Yomos) =1 — H(p) =1—H{%(po*+p1*)} (A1)
1 vme) = 85 = 21— p0)] - [0 + S0 (a2)

14 Bl eR 2L
F(po*,p1™) = I(X; Yemos) — 1(X; YMRF)- (A3)

XF F RS R AT BE AR AR =

oF 1 5 (po* +p1*) 1 1/241/2(po* —p1*) 1—po*
- *10g2[21—**} 70g2{ /24 1/2p0" —p1) 1= p ] —o, (A4)
Opo* 2 1—5(o*+p1*)] 2 1/2=1/2(po* —p1*)  po
oF 1 Lipo* +p1* 1 1/2—1/2(po* —p1*) 1—p1*
-1 Z[M} 2o 2{ [2=1/2(po” —p17) 1-p1 ]:0, (A5)
apl* 2 1_§(p0* +p1*) 2 1/2+1/2(p0**p1*) p1*

fRZAF po* +p1* =1 po* =p*. MK F=o0.
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(o” + — ) _cta, (A9)
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Hob o, B,y 4 h— 0,k — 0 BT /N WA
AF = %[AhQ + 2Bhk + O] + %[ahQ + 28Nk + 7k2). (A10)
1 1 1 1
HT A=B=0C= 5l - o — qa—pen] SO H AC—B?=0. W AF = L (Ah + Bk)? + o(p?), Bt AF [{1E

FS IR T A.

BT A<0 B A=0/F, p*=p*=p=05 HB A<0l, AF <0, # F 5 (po*,1 — po™) VN
i 0. FHEAHE F 8 (po*,po*) BUKME 0. @it MATLAB {5 FUIRAE 7 HIEMME, HILH KME AHRE, WE
I(X;Yomos) < I(X; Yarr). IEHE

Mk B

SI3E 4 TEEH EMEREMERZET, W p* = apo* (a € [0,1)), MEFEE ¢ Mi%E o RIS L, HE
HAEMFEMBmA x H 6= %m € (0,1].

JEBR 4 A = I(X;Yomos), B = I(X;Yurr), W G = %. HEIEE 3 O I(X; Yemos) < I(X;Yurr), Hik
G € (0,1].

ZE G MRS R EUCR YT BE IR AL 5

dA dB
9G _ gaB— 5aA
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da B2 (B1)
DA OB
oG Bp" B~ Bpom A _
=220 P (B2)
Ipo* B2
Hr
1 * 1 * 1 * 1 *
A:I(X;YCMOS):l+§po (14 a)logy §p0 14+ a)| + 1—5p0 (14 a)|log, 1—5p0 14+ a),

101, 11, 11, 11,
B = 1(X:Yiame) = = [ = g1 = o) [toma [ = g7 1= )] = [+ 51 = ) toma [ + g1 - )]

1
+ 5[po*log2(po*) + (1 = po™)loga(1 —po™) + apo™loga(apo™) + (1 — apo™)logy (1 — ape™)],

oA _ 1 . (w)
oo~ 20 B\ 1 (14 a) )’

oB _ 1 w)(%+ﬁwuf® apo* )
O 2po 62 %7%p0*(1+a) 1—apo* )’

oB 1-—a
Ipo* T2

0A 14+« 1JFTO‘;D()*
- = log, o s
8[)0 2 1— 5 po*
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B2 A4+ a)po* =1 a=1((1+a)p* =14 B=0, TEX, M&EE). Bl a=1 (po* #0.5) FIEATRER ¢ 1
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d2g A B 9% A 9’B
— = —B—-——FA+—B—- —A. B4
da? da3 da3 * da? da? (B4)

HTTE o =14, 29 #0, MOEM o = 1 BB g WA B HEHE gl(po™ = 0.8,a = 0.99) > 0 35 g 7E,5
a =1 WEW/ME o, HATERE T HIESM, It EARAMEEAME, BT g = 0.

Wg>0 Hg=92B-284,B>0(B=0MmA&EE) A 2 >0 T o RIE TS IEFBERKAXSFRE,
o TUNEAKI AR (a € [0,1]), W EERMHAES 1 BZEHBKR, FIAELE S HE ¢ BEANINE o %
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Supply voltage analysis for high fault immune MRF circuits with
information theory

Xiaoqgian LI*, Jianhao HU* & Yan LI

National Key Laboratory of Communication, University of Electronic Science and Technology of China, Chengdu
611731, China
*E-mail: lixq-email@163.com, jhhu@uestc.edu.cn

Abstract Low-power technology is one of the key issues for digital circuit design, especially for battery-operated,
portable systems. Decreasing the supply voltage is one of the most efficient ways to reduce energy consumption.
However, traditional CMOS devices cannot perform stably in ultra-low supply voltage applications. MRF based
circuits can provide over 107° BER performance in ultra-low supply environment, which is much better than tra-
ditional CMOS circuits. However, there lacks theoretical work focusing on the analysis for reliability and supply
voltage in MRF circuits, which becomes a bottleneck in MRF-based VLSI design. In this paper, we analyze MRF
circuit based on information theory. We not only prove that the MRF circuits have lower supply voltage than
that of traditional circuits, but also give a reasonable explanation for this situation. The work in this paper can
provide theory support for MRF-based low power and high reliable circuits design.

Keywords information theory, MRF, low-power technology, supply voltage, stability
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