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Abstract

In this paper we present some multiple valued arithmetic operators introducing
high-speed current mode circuits. By applying simple and efficient methods we have
reduced the number of transistors and power dissipation. Besides we have achieved a
significant improvement in terms of speed and chip area. We have eliminated some
parts of circuits and simulated their function with other parts, which results in so
many improvements already mentioned,

1. Introduction.

BiCMOS technology offers enhanced performance compared to CMOS, Many high-speed BiCMOS
circuits have been fabricated and published in the VLSI literature, Current mode circuits have been
always considered as the serious alternative to voltage mode ones.In VLSI literature there are so
many reports and publications conceiving the improvements in terms of speed and the number of
transistors used. But one of the drawbacks of current mode circuits is the low drive capability when
applying large capacitive loads. Current mode circuits demonstrate low performance in this case. For

- overcoming this problem we have proposed the contribution of bipolar transistors resulting in
Current mode BICMOS circuits. As in the case of voltage mode circuits, the combination of CMOS
and Bipolar transistors can improve the overall performance of digital circuits. Multiple valued logic
is one of the key technologies for overcoming problems such as wiring and delay.

2. MVL current mode circuits.

Referring to transmission function theory and considering the features of current-mode CMOS
multivalued circuits, we distinguish the following two kinds of variables and discuss related basic
operations.

(a) switching variables a,B,y : o,B,y € {T,F}, which are used to denote the switching state of a MOS
transistor. Their basic operations are NOT(~), AND(A) and OR(v), and their properties are well
known.

(b) Signal variables x,y,z : with values from the set {0,1,...,r-1}, which are comparable with each
other. The values of a signal variable are represented by using current values, such as 0, 10pA,
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the following operations:

| Threshold comparison operations
kumw
o T.ifx26 m
j Fifx<t

Low-threshold comparison operation

T.ifx<t

e 2
y 4Lk’.il‘xzt; i
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Dual threshold comparison

ll‘ﬂ -4 tle xl! (3)
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current comparator and a suitable MOS transistor,

F,otherwise
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(a) NOT relation
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(b) AND relation
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2. Transmission operation
&, [x fo=T;
=10, ifa=F. (19)
i Ilhe following properties can be easily proved.
‘u{a) Repetition Law .
Axtua)® a=x*a (11)
lfb) Serial transmission law
Axtay)ta; = x*(aaug) (12)
‘ufc) Paralle] transmission law
oyt xfuyex® (o vag) + x*(aau) (13)
’llfa..m; =F, then
W7+ %t 0=x " (0 vip) (14)
bfd) Commutative law
1Ky "oy g = tag gty (15)

afe) Associative law

afxy* oy txg® oa)a Pay=xy fa g Yy s oy Yo gt g P (16)
1(f) Distributive law

£l * oy tag* ) *ua=x) oA Hxg*(agaas) (17)

iln the above equations the transmission operation * is assumed to take precedence over the sum
coperation +.
4By using the above operations, we can obtain the expression for any multivalued function. Taking

| : % an ki ; .
Fquaternary Iog;c as an example, an i |lrl:y %tgnlble function ma; be ngxpmssod as

IF(x,y)=co*(x e *(x " A Hea*(x #(x25A y "(Mx' A 18)
Y LN .(5.5":.5 A”é“}*m‘(s"xua S yrog? S.sxu A;rz;;.(uxuiu};i.s}'_ ¢
610 (XA pre (A y}*cu‘(umru}"cu'(i’ xSy et (CxalPy )

15* (T xATY)

"According to the definition of threshold comparison operations, any quaternary function can also be
sexpressed as A

IF = 14031 342015025 43425¢ (19)

“Synthesis of multivalued fanction based on the algebraic method and cost comparison

*Since circuit realization of a multivalued function based on the algebraic system for current-mode
/CMOS multivalued circuits corresponds directly to its algebraic expression, the circuit simplification
scan be reduced to the simplification of its algebraic form. For the convenience of simplification, we
:give the following useful equations, which may easily be proved by means of the properties and laws
tin section 2.

| (x+y)*o=x*aty*a (20)
x™ '=x"y—x“'y

e ol @y
X'y=x"y +x"y

x"y+x'y =x

! 22
By xy? (22)
(wetydapored 0 (ach<(ate)<d) @3)
According to eq.(21), eq.(19) can be written as

F= 1400110 e 5100253025 1050, 01 5, 1 0250 (24)
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Uiy =290y o 1oy +3 oy

F 14), we have

I.‘::T:}i' 2oy L M possible to derive an even
W other forms of expression by algebraic means, and it is S vt
cu:rgmmmmnﬂnlﬂw-ﬂ)m*m“‘m

Up) =(0213)
=(0210 '{0?03}
= @y yeety

1f we decompose uly) into

Uy) =(0213)
=(0202)+(0011)

Fi 23), we have

(30)

@n
£G1 function. G! function is defined as below:

yet*y

The assertion follows directly.

Figure | demonstrates the realization o
X e (0, 1).X € (0,1.2,...m-1)
Xi=1 IFX=j,X'=0 IF X#j
G,.L (0.0 Xe(0.12...ml)
G(x)=1IF X>j else=0
Lix)=1 IF X<j else=0 (32)

Without stepping into the details, through studying the simulations of the different designs [4-10],

can be generally concluded that, with changing the (W/L)pu to (W/L)pd ratio in CMOS :

pmnndusingaPMOSmnsimtu:menlsmmorNMOSuhuiuk,mmnpply
detector operation and convert voltage 1o current. This is the main function of the current mode

circuit operations.

'NPN
Ft (GHz) _ 55
Fmax (GHz) 0
Gm/Gee 1200
(@We-min
CMOS
Vdd (V) ':"3 /
Lmin (nm) A
Resistors | Rs (ohm/: 00
Capacitor | C (fF/mm2) S
Routing | # Layers
Top Thi
Metal ickness (um) | 2.5

Table (1) : 0.065 pm technology parameters
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i § these clrcuits the threshold detectors are used, which have the duty of specifying different levels of
marrent and different levels of logic will be specified as well. Threshold detectors are used in all of
“mese circuits, they specify, different levels of current and consequently different levels of logic. Fig.
* 1) shows a threshold detector. The output of this detector is connected to a PMOS transistor gate for
‘nonverting the output voltage to current.

Fig. (1): Circuits test for G1 delay publish
wables (2-a) to (2-¢) specify the different levels of current and the W/L ratio in transistors,
Threshold | Threshold | Threshold

0-1 1-2 23

0.065 7] 0065 7]0065 7
Wa/La | 065 0.065 | 0.0975

0.065  7|0.065 70065 7
Wo/Ls | 0,065 0.065 | 0.065

Threshold
current | 10HA 304A | SOpA

Table (2-a): Sample of Detector for threshold (level 0) .

Threshold Threshold | Threshold

01 12 2-3
0065 7| 00975 7]0.065 7
Wa/la | 0065 0.065 | 0.065

0.065 710065 7]039 7
Wo/lo o097 00975 | 0.065

Threshold
current 21pA 40pA 62pA

able (2-b): Sample of Detector for threshold (level 1)

<]

Threshold | Threshold | Threshold
01 12 23

: 00975 7]0.0975 710065 7
: Walln 100075  looss | o0.06s

W,/L, |0065/0.13|%195 /[0.0.2925/

0.065 0.065
Threshold
Sicruriasgd | J0UA 194A 29pA

Table (2-c): Sample of Detector for threshold (level 2)
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delay in applying GO 1o G2-

[ Tdr | Tdf
Test | (Rising . (Fanning
Circuit | Edges) Edges) |

Tables (3-a) to (3<) show the

G0 1021 ns 1 0.1ns
GL 0.17ns 023 ns
G2 02ns 0.37ns
Table (3-a): Testing delay circuits for level 0
Tdr | Tdf !
|T'" (Rising | (me)ng .
Circuit | Edges) Edges ! K
Go 0.14ns 0.13ns |
| Gl 0.09 ns 0.09 ns ]
| 0,09 ns 0.18ns

G2 ).18ns
Table (3-b ): Testing delay circuits for level 1

! Tdr Tdf

' Test (Rising (Fanning
Circuit | Edges) Edges)
GO | 022 ns | 0.065 ns
Gl 10.11 ns 1 0.13ns
G2 1 0.08 ns | 0.13 ns

Table (3-¢ ): Testing delay circuits for level 2

3. Current mode CMOS circuits.

In voltage mode logic circuits, the variable element is voltage. For example, to show the logic zero,
zero volt is used and to show the logic one, §, 3.3, 2.1 or 1.2 volt or any other voltage can be used.
Also. current can be used as a variable. The main advantage of current mode over the voltage mode
is that, the summation in current mode is a free operation. If some wires with different currents are
connected together, the output current is the algebraic sum of these currents. But in voltage mode,
short circuit of the outputs in CMOS circuits must be avoided. As we pointed, it is possible to use
current instead of voltage as a variable quantity. OF course, it is obvious that, in current mode circuits
the design must be presented in the other way [11-15].

The problem with current mode is that, it is generally more sensitive o noises. In this reganrd circuit
design should change with change of the technology, or in some occasions it may need 1o be
revolved totally. This rarely happens in voltage mode circuit, and with following the A design rules
due to manufacturer instructions major changes are not needed. In current mode every bit has its own
sign and it makes this mode very fascinating. The current direction an be used to show the sign, and
it eliminates the necessity of using additional bit to show the sign. Another interesting feature in
current mode circuits is capability of creating various circuits only by changing the threshold
detector, and sometimes by increasing or decreasing the number of inputs solely.

lin, can be a factor of the unit current, this means that, it can represent the logic two, three, four, ete,
For simplicity of understanding this subject, lin can be broken down into different inputs. e.g. 2or 3
or ... n inputs with unit current instead of one lin with various currents.

Fig(2) shows ﬂw_implmuﬁon of AND/OR gates. M1 transistor is used to make an algebraic sum
of two Inl, In2 inputs. The threshold detector unit is shown as an inverter with indication of TD
(threshold detector), whenever the algebraic sum of inputs becomes more than the half logic, changes
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il from high to luw happen, this activates the PMOS transistor, which results in having an OR gate. If
11" this converter is set to change when the algebraic sum ofinpmsbewmesduouemdhﬂflugic.men
# we have an AND gate.

4 Inl In2 Vi
>1.5 /505
Ml M2

Fig. (2): Implementation of curent mode double input AND/OR gates
% Table (4): Another presentation of current mode double input AND/OR gates accuracy

z Gates Input g:::‘mﬂ
OR; [ AND; | Cvrreat [ op 1 AND;

0 (o (o o 0o o

05 [0 Jo 1044 0 _To

11 [0 [20ua 205400

2 (1 (1 [4ouA [204A20pA)

" Table (4) shows the Truth Table of these gates.
I/Fig (3), shows implementation of Majority function and in the bellow shows the circuit output

1 relationship:
In1In2 + In1In3 + In2In3
Inl In2 In3 Vdd
4!’
>1.5 !

Ml M2

™

Fig. (3): Majority function

‘These capabilities in Current mode circuits, and decrease of the number of transistors are very
important and crucial. As can be observe, the unifgrm structure of these designed circuits, easily
‘allows increase of the number of inputs, while in the voltage mode circuits, this is possible only with
' the increase of the number of transistors. For example, in OR gates it is enough to increase the
‘number of inputs to have ORs with more inputs, Fig, (4), shows a multi input OR circuit. As shown
in the Figure, the only change in the circuit shown in Fig. (2), (TD>0.5) is increase of the number of
‘circuit input. In fuct there hus been no particular changes and the designer with the mentioned
capability can, submit the same circuit to the chip manufacturer, The input of the circuit is an
‘aluminum or Polysilicon system; this allows the user to freely assign the number of inputs to the
‘system.
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neinput OR circuit without any change in 2-input OR circuit

operation of these circuits is slightly different with the conventional and expecie
:;mmun;ifmwﬂm&mmmmofmwcmﬁabﬁ it,
!agicm-admmmmh. | x :

Thisdifﬁ:unceimnﬂnnmhcfmpmmhnillsmmpummmdl.m
oR.:mi:nill:hmsehs:undiﬁmnmuhdemvmm!hﬁcm.lnwnlwmcm .
fortunately Iwcmumwmﬂmuhmbelgnﬂ. Table (3) shows the accuracy of this
n-input circuit. For 022, with incrementing n_umber ol inputs, the loss created by leakage of
nymmofmmmmmwmlddemmwiumm ?
wonudm:zinsﬂ::ﬁmominpuﬂ.Tbcmwinlogicmusom_nllﬁmndoesmcm
analysis. The value formeﬂmdlo!ddcmwthlbcendeﬁmdulomc 0.5, which equivalent current
ofifuSﬁpA.Tmeﬁmmuminpm?:huumﬂinllymcdisequllmSM.Thisuu'

totally ignored.

Fig- (432

4. Design of Full Swing current mode BiCMOS circuits

To understand the behavior of the current mode BICMOS circuits a brief discussion of con
voltage mode BiCMOS digital circuits makes sensc. CMOS technology provides !
superior to NMOS and bipolar technologies in power dissipation, noise margins, packing density and
the ability to integrate large complex functions with high yield. As the name “BiCMOS” implies, it i
a combination of Bipolar and CMOS technologies. The bipolar technology is used for high switchi
speed, high driving capability and good noise performance. But CMOS technology ensures low
power dissipation, high noise margin and high packing density.

As it is seen clearly, increasing the number of inputs increases the number of transistors, Using
current mode BICMOS circuits, we are going to find a way in which the number of transistors will

not increase, with increasing the number of inputs.
Fig (5) Shows a 2-input XOR circuit with the use of a threshold detector, (TD > 1.5)

Tl e Bl e
Current Current

0 !0 0+Error(0) | 0

iy 20 ud 20

211 A 40 20

3 |1 |pd60 A 20

n*20-
n |1 o) 24 20

Table (8): Truth Table of n-input OR
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nin,

MI

Fig. (5): The modified circuit of 2-input XOR gate

15" algebraic sum of Inl and In2 is greater than logic 1.5, then the output of the threshold detector
nsnmnges its state, Ifthellgeimlicmnfinpuueqmlstom,thmixuocummanheompur_ If the
mim of these inputs is one (1), since the output of TD is high, the M3 transistor is on. Then input
miurrent is copied through current mirror (M1, M2), finally input current exactly copies in output. This
seans that we will have logic one al the output. When the sum of two inputs is greater than logic 1.5,
16y other words when two inputs are logic one, then the output of threshold detector changes its state
tind becomes Low.M3 transistor switched off and no current will be copied into output. Table (6)
ronows the accuracy of 2-input XOR.

Input Output
Zn | XOR; Current | Current .
0|0 0 0
el 20uA (20uA

2 |0 WWuA |0
Table (6): Truth Table of 2-input XOR

1 £s mentioned previously by using a combination of one TD, one NMOS input transistor and a
MMOS output transistor, we can develop different circuits, such as multi-input OR, multi-input AND,
islajority circuit and etc. It is important to drive current rapidly. Based on investigation done, the
st choice is using BICMOS circuits [16]. Fig. (6) shows a design based on BICMOS technology
1r a set of different circuits,

n - Inputs

v
U_M&—[}—{m vag
| i o
e

Fig. (6): Design of a current mode BiCMOS circuit
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! : The improved design of thy
.I Iml vid il given BICMOS circuit
M2
M1 Q!
M3 e
M4
R2 Q@
Fig. (8) shows a 3-input current mode vad

BiCMOS XOR circuit. 5
>1.5
I
> vad

Fig. (8): Current mode BiCMOS, 3- input R
XOR

The difference between this circuit and 2- '
input XOR is that, if the input is higher than logic 2.5, again a current of logic one is applied 1o the
system by M1 transistor (TD >1.5).  The problem with this circuit is the presence of a lot of current
mirrors that slow down the system performance. Table 7 shows the truth table of this circuit.
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m Input | Current Logic
Logic | Current |/ 7
0 0 0 1
3 MA 20 juA20 |0
2 pA40 O 1
g 60 |pAa20 |0

Table (7): Truth Table of the current mode BiCMOS, 3-input XOR Gate
4 Fig. (9) shows the improved circuit

o of the previous 3-input XOR Gate Vad
1 using the new logic. 3 - Inputs I_{['Lm J
>15
3 RI
1
% Fig. (9) The improved circuit of M3MI O
£3- input XOR >2.5 R23
'In the above design, two current -

it mirrors and 8 CMOS inverter gate are eliminated, which caused a considerable decrease in delay. It
#should be noted that (W/L) of the M1 transistor is a lot less than (W/L) of M2 transistor, because in
ithe case of 7in = 1, the current passing through M2 is equal to a logic 1 (20 pA). But in the case of
£ 2Zin = 3 it is obvious that the maximum current which passes through M2 transistor will be 3 times
i the logic 1, and this current must be limited in some way. This problem by decreasing (W/L) of M1
I transistor will be eliminated. In real mode if the BICMOS designed is used in digital systems voltage
1mode, it is not necessary to decrement this current, since the output voltage is always equal to Vdd —
/\Vbe. Table (8) compares the delay, in different voltage mode BiCMOS logic with current mode
IBICMOS circuit.

"Table (8) Amount of speed increase in : current
1 mode comparing to Voltage mode ircuit
IBased on simulations and as it was | Speedup NOR | NAND | XOR
sdiscussed, the above ratios show a | Maximum %15 |%14 | %6
s considerable speed increase in current mode | Speedup
: comparing to voltage mode. Minimum
'Table (9), compares the number of | Speedup %12 (%13 %17
Jtransistors used in different voltage and current mode BiCMOS circuits.

Current | Voltage
ology
Circuit iods B[ Moxle
BICMOS | BiICMOS
2-input NOR 5 6
| n-input NOR 5 2
) 2-input NAND __ |5 6
i n-input NAND 5 2n+2
2-input XOR 12 14
n-input XOR 15 24
Improved 3-input n 14
XOR
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Table (10), shows the area e s
improvement of the current mode 1@ voltage mode
| Corens Mode | Voltoge Mode | 5o oo
g H:'.?I'Cﬁ 8&(‘:(3 i Percent
(um
Circaie N\ )
[2mput | 0684 [0779 %12
NOR : -
= : : 5100
neinput | g 684 0513-0.133) | o
| NOR : -
| 2-F 0.699 0.779 %10
L——'—"-'WD T .' H 3
~ : : 2,88
PR : 0.513+0.133(m) | ;530
| NAND | 0.668+0.016(m |
2 0912 %350
| XOR 0.453 ‘
ig‘:“ {113 1311 %3 |
Table (10) Compmm -)If area of the current and Voltage mode BIiCMOS circuits
Conclusion

We have verified the available current mode CMOS logic gates and then we have presented a mj
multi-valued current mode BiCMOS that is much faster than the similar BICMOS voltage mode

when applying high capacitive loads. In regard o mulﬁ-i'npms NOR and mulu-i_npuu NAND,
comparing to their equivalent voltage mode circuits, increase in speed il} the best case is 17% and 6%
in the worst case. InlheLogicGale&inﬂnwommm!MOSmmormdinﬂwbencmdlﬁm_
203 MOS transistors are eliminated. It should be noted that in NOR and NAND gates, by increasing

:hemmbcroflnpms.thenmb_emrmostrmsinmnudinlhccircuilwillnolbeclunged. .
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Appendix
atroof of eq.(23)
-:*r*fr-'"’y)ly'ﬁ'r‘vm’y‘
| 5<h< (at+c) <d
0'0<y<a: eq.(23) reduces to "y and in the given interval its value s F.
Wasysh: £q.(23) is still equivalent to "y", but since b < d, in the given interval its value s T.

d'b<y<(atc): eq.(23) may be expressed as t""’y". Taking in account that b < (a+c), it follows
imat  in this interval eq.(23) takes the value F. Finally i

6)(ate) < y < dieq.(23) takes the value T and for y > d, the value F.

rjupwbulwb oujkpunanpliiph hgngny (pf] jujbnypny pupdp
wpwgnipjub phpwgpuyhl wkuwlh BICMOS nkubninghuygh
tEpunidnud

U, Q. Yepanjwp, 9. Lunjp
Ulthothnud

Unyl honjuibnud ukbp bkpiuymghnud Bbp puquwlh wpdbplbpnyg PUwpmbulub
pybpunnnplibp: Ubpuniskny puipdp mpwgnipjuh plipwgpuhl wkuulh ynpwbkp:



