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Transactions Briefs

Noise Margins of Threshold Logic Gates Containing TABLE |
. . COMPARISON OF PROCESSTECHNOLOGIES
Resonant Tunneling Diodes

Parameter | 0.5 um CMOS | GaAs CHFET | RTD+HBT RTD+MODFET
M. Bhattacharya and P. Mazumder Power/gate | 02 mW 0.1mw 0.5 mW 03 mW
Delay/gate 500 ps 250 ps 40 ps 200 ps
Device count | Large due to Large due to Small due to | Small due to
Abstract—Threshold gates consisting of resonant tunneling diodes per function | regular I-V regular [-V NDR -V NDR I-V
(RTDs) in conjunction with HBTs or CHFETs or MOSFETs can form characteristics | characteristics | characteristics | characteristics

extremely compact, ultrafast, digital logic alternatives, and may be used
for digital signal processing applications in the near future. The resonant
tunneling phenomenon causes these circuits to exhibit super-high-speed TABLE 1

switching capabilities. Additionally, by virtue of being threshold logic DevICE COUNTS FORFUNCTION IMPLEMENTATION IN VARIOUS TECHNOLOGIES
gates, they are guaranteed to be more compact than traditional digital

logic circuits, while achieving the same functionality. However, reliable Circuit TTL | CMOS | ECL | NDR
logic design with these gates will need a thorough understanding of their XOR 33 16 11 4
noise performance and power dissipation among other things. In this brief, Majority 36 18 20 4
we present an analytical study of the noise performance of these threshold Muller C-olement | 45 ) v 2
gates supplemented by computer simulation results, with the objective of 3 54 o > 3
obtaining reliable circuit design guidelines. ~state mt",mory
NOR2-+lipflop 14 12 33 3
Index Terms—Emerging technologies, noise margins, resonant tunneling NAND2+fipflop | 14 12 33 3

diode, threshold logic.

number of transistors: + 1) andm is determined by the input signal
levels. For example, for = 3 andm = 2, we can have a 3-input in-

Nanoelectronic devices based on the resonant tunneling phenagted-MAJORITY (or, MINORITY) gate. Simulation results of such
enon are poised to make a major impact on integrated circuit teehigate working at 10-GHz clock speed is shown in Fig. 2. The layout di-
nology [1]. Over the years, a wide variety of circuits consisting of resigram of this circuit is shown in Fig. 3. By virtue of the generic nature
onant tunneling devices have been proposed in the literature [2]-[8fthis gate, itis our opinion that this type of RTD-HBT circuit may find
which have given us the reason to believe that compact ultra-high-spegde application in the near future [14]. If the current drawn by each of
integrated circuits based on these types of devices will be physicaliie transistors):, ..., Q. in theiron states bd (assuming no tran-
realized in the near future. More recently, several researchers havesigtor mismatch) and the current drawn®yx be Irr (when Clock is
ported the development of multi-gigahertz digital circuits [9], [10]JHIGH) andI (when Clock is QUIESCENT), then for an-threshold
From their projected performance, logic circuits composed of resgate function, the following basic necessary conditions have to be sat-
nant tunneling diodes (RTDs) in conjunction with HBTs or MODFET gsfied:
compare favorably with gates belonging to various other logic families
(Table 1). (m—UDI+ Iy <Ip Q)

Circuits containing resonant tunneling devices, such as threshold I, <mI+ Lur <1, @)
gates, literals [11], multiplexers [3], counters and MOBILE gates
[12], [13], are not only faster than the conventional circuits, but they
also use far less number of devices to achieve the same functionality
(Table 11).

Compared to the large number of published research papers dealing
with the demonstration of RTD-based circuit operation and circuit The noise margin measurement technique adopted in this work is
ideas, work related to the analysis of such circuits seems to be vegsed on the simple but accurate method of fitting a maximum area
limited. This brief is a part of our continuing effort to fill that void.  rectangle between the normal and mirrored transfer characteristics of

an RTD-HBT inverter. This method has been shown to be by far the
II. RTD-HBT THRESHOLD LOGIC GATE most general and precise method for characterizing noise margins [15].
If we consider the normal transfer characteristic of the RTD-HBT

_In this brief, we present a study of the noise immunity of a certaify o qter [Fig. 4(a)], we see that Regions 1 and 3 are monotonically
kind of RTD threshold gate whose circuit topology is shown in Fig. Jje e asing functions af.,, while Region 2 is an almost vertical drop.

This kind of circuit, proposed by Mohzet al. [6], can be tailored to Region 2 is unique to the foldefl — V' characteristic of resonant

function as am-inputm-threshold gater¢-threshold= outputislow, - nnejing devices which causes almost instantaneous switching of the
if and only if e or more inputs are high). The numbeis related to the output voltage, when the operating point skips over the unstable NDR
region.
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Pa%e]f Wa?hrecommer,‘?he% by AtSSOCitat? E?itf;'_Y- ILEb'e_biCi- _ g cause of the fact that this method is easy to apply to static digital gates,
Sciene(::,uThoer?Jﬁir\?e:‘lgity ofel\ﬁirh:ggz, 3215?';83 Aﬂg'g?gg:?w?zmogg%ﬁﬁt is not applicable to clocked logic gates of the type we are currently
USA (e-mail: mayukh@eecs.umich.edu). concerned with. In RTD-HBT threshold gates, the clock voltage levels
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;E Vee Therefore
RTD '
NMH+NML:y—y/. (6)

° Vout It is easily seen that

o I, — I
#=Vrln (Is (1- 6((‘,,,66\@)/\,?))) ()

c:llk Clock whereVy = kT'/q,

y=Vee = Vo) + I = Ig) Ry )
y' = Vee = Vi) + (I = IQ) Rya. 9)

o

=

e I
Inl—l:l In2 2 Inn

l The symbolsk,:, Ry2, V,, Vy, etc., are explained with respect to the
RTD’s I — V characteristics in Fig. 5. Equation (7) is based on the
RESET simple exponential relationship between a BJT's collector current and
@ its base voltage

A I=1, (e/78/Vr — Vel V), (10)

This relationship is not very accurate, and hence, provides approximate
results. For computer simulation, we shall use a more accurate relation-
ship based on the Gummel-Poon model of the bipolar transistor, but for
the sake of deriving simple analytical noise margins, let us, for the mo-
ment, assume this relation. Equation (6) shows us that the sum of the
two noise margins is independent:gfand can be simply written as

CURRENT THROUGH THE RTD

NMz +NML = (Vy = Vp) + (Im — IQ)(Bp1 — Bp2).  (11)

\ \ Since
\ .
B~ Vi — pv
Vee By = If I
p — 4v
OUTPUT VOLTAGE

(12)
and

(b)
Fig. 1. (a) Circuit topology. (b) Load line.

-V,

V,
(Bl =7 (13)

p— Lo’

of the clock typically increases 16y and after evaluation, this level de- Equation (11) can be rewritten as

creases to a quiescent valuél@f. If we consider two such RTD-HBT
inverters connected in series, for proper operation, the clocks to the two
inverters have to be out of phase. That is, when the second gate is being
evaluated by a high clock pulse, the clock to the previous gate has to be + (I — 1) (Rp1 — Rpo2). (14)
quiescent. Simply stated, the transfer characteristic should reflect }:he i fth 7 andl I implvi
fact that the second inverteeeshe output of the first inverter with the Or proper operation ot the gat.ég < fp andlq > Lo, iImplying,
clock atV, and not afiyr. I — Ig < I, — I,,. Therefore, ifR,1 > R,2
The foldedI — V' characteristic produces a sharp switching which
can be regarded as a perfect vertical drop, for all practical purposes.
Referring to Fig. 4(b), the maximum rectangle within the loop formef’
between the normal and the mirrored transfer characteristics will be NM NM vil1— PVVR
X ) H + L <Vy PVCR
A'BCD. If one tries to fit a rectangle of the type 8fQ RS, one can
vheryjfal(;régallzg .that such ? recta;gleRvglll a?;%gw;ysgg imal\IIWiere PVVR= Peak to Valley Voltage Ratie= ((V})/(V.)) and
t /an ' ) andin a special case, QRS > .  PQ ~ PVCR= Peak to Valley Current Ratie: ((I,)/(I.)).
A'BCD, since Regions 1 and 3 are almost horizontal. TAUBC D :
L _ On the other hand, iR,2 > Rp:
can be regarded as a good approximation of the maximum rectangle,
in a general sense, within an area of the typg8C'D. If t,he coordi- NMr + NMy, < (Ry2 + |Rul) (I, — 1)
nates of the poinB be(z, y) and that of pointE be(x, y'), then the
coordinates of the poin® will be (y', x). Thus, the noise margins are ]
simply expressed as NMg + NMp <Vy = V;. (16)

NMTT + NML = (R])2 + |Rv7|) (Ip - Iu)

NMH + NML < (Rpl + |Rn|) (Ip - Iv)

(15)

In (15) and (16), we are given important upper bounds for the sum of
NMy =y — = (4)  the two noise margins (wheR,: = R,., they are identical). On the
NM7 == — 4. (5) one hand, they provide us with a simple way to estimate the maximum
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Fig. 2. Simulation results at 10-GHz clock speed of 3-input inverted-MAJORITY gate.
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Fig. 3. Layout diagram of 3-input inverted-MAJORITY gate. ’)QLA; *'{(ix )
wp i
noise margin that can be harnessed from a given RTD, while on the _‘Vr(x )
other hand, they can be used by the device engineers as a guideline for v e
designing RTDs for digital logic applications. Diamoetal.[16] had v:.>
shown thatPVCRis not a crucial factor in determining RTD circuit © n

switching speed. Their analysis had shown taf, (whereC' is the
RTD’s capacitance) is a much more important figure that can be gty 4. The transfer characteristic at: (a) constant clock; (b) finding the
rectly related to switching time. However, (15) re-establishes, to a ceraximum area rectangle; and (c) the effect of clock-current fluctuation.

tain extent, the importance 8VCRso far as clocked RTD switching

circuits are concerned. Furthermore, lower static power dissipation of I, —In
such circuits is possible only whdn is low. Thus, ultimately, PVCR NM, =VyIn L= pf((vu—vp)/w))
remains an important figure of merit for the RTD beyond merely in- ¢ ’

dicating the quality of epitaxial growth. For RTDs wiBVCRin the = (Vee = Vi) = (I — Iq) Rp2. (19)
range of 10 to 20 and above, (15) reduces to .
Therefore, in order to have NM= NM;, we should have

NMy + NMy, < V.. a7 I
2Vrln T
Using (10), we can write I (1 — e=(Vee=Vp)/ V)
=2Vee = (Vu + Vi) + (I = IQ)(Rp1 + Rpo). (20)
. I, — Iy
v ="Vrin <[s (1 — e (v crvp)/vT)) ) : The accuracy of (19) will be a subject of discussion in Section V.
Therefore, the individual noise margins are given by IV. NOISEMARGIN WITH NOISE ON THECLOCK SIGNAL

So far, we have dealt with the noise margin estimates on the signal
line without considering any noise on the clock inputs. Noise on the
— Vrln < Iy = In ) (18) clocks will definitely lower the previously estimated signal noise mar-

I (1= e ((Vee Vo) / Vi) ) gins. In order to study the worst-case noise margins on the signal lines

NMy = (Vee = Vp) + (I = 1) Ry
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I A TABLE Il
FLUCTUATIONS IN Iz & I AND THE RESULTANT CHANGE IN NOISE MARGINS
Ip ---------------------------------- Fluctuation Iy Ip
(3mA) : R ) : Ay Increase Increase
: P : Axy Increase | Don’t Care
R, : Axy Decrease | Don’t Care
Rpl : Ay Decrease | Decrease
: 2 T T T T
: : 18 |- NMy —
S S A R ' 1.6 F << NM %%L i
H : H = el + -
(0.195mA) ' H : o % 14 |- Tl Upgerboun(li e ]
V, Vy Vr v §° 12 | el n
€ 1F
@y 2y, R, B
P .
k= 06 |-
Fig. 5. RTD used for computer simulations (not to scale). -z 04 |
02|
] ] 1 1

by introducing noise on the clock lines, we shall follow the following
procedure.

We shall assume that noise on the clock lines can caisefluc-
tuations in the quiescent and high clock currents. That is, instead dfi@. 6. Noise margins versus quiescent clock curét = 2 V).
steady value of g, the quiescent clock can vary frafg — 67 to Io+67.

0
0 0.0005 0.001 0.0015 0.002 0.0025
Io(A)

Similarly, the high clock current can vary frofy — é; to I'y + 6;. 2 T T T 1 !
We have to understand now how the three regions of the transfer char- 12 : %%”i :
acteristic will fluctuate with variations in the clock levels. Fig. 4(c) and S 1‘4 | %Mneﬁaglﬁé e
Table Il together provide the worst-case situations that will adversely 8 1:2 S PP i
affect the noise margins. Based on them, the shrinkage of the noise g kT i
margins can be approximately characterized by (21)—(24) as follows: % 0s -
Ay =Vrln {14+ ———F—— (21) 04 - .
< IP_IH_‘SI> 02 .
(51 0 1 1 1 1 1
aes =V (14 2 @) 0 0001 500 10063 D g0 00000
Ayp =61Rp (23) Fig. 7. Noise margins versus.
AUZ = 61 RpQ- (24)

The collector current of a bipolar transistor, expressed in terms of the
modified Gummel-Poon model parameters, is given by (27) as follows:

NMp = Vee = Vo) + (I — Ig — 61) R I.

Therefore, the modified noise margins are

I === [(QVB’E//NFVT _ 1) _ (e‘/B/C‘//NRVT _ 1>:|
—Vrln T j({c,’ J[f’) i (25) QBI , , , ,.
T (1= ) - (e ) g (e ).
PR
o I, — Iy — &1 (27)
NMr =VrIn <Is (1 — e((»@h,)/%)))
o . The noise margin calculations are carried out based on the method-
—(Vee =Vy) = Un — Ig + 61)Bpo. (26)

ology discussed in the previous section, by replacing (10) by (27). The
piecewise linear RTD characteristic used is shown in Fig. 5.

Fig. 6 shows the variation of an RTD-HBT inverter's noise margins
as a function of the quiescent clock curréat As we have seen before,

For the purpose of obtaining a general idea about the effect of véine upper-bound of the sum of the noise margins that can be extracted
ious RTD and transistor parameters and the choice of current valfiesn an RTD is given by (15) and (16). Practically, this upper bound
(In&lIq), the above equations should be sufficient. However, for acan never be reached becadsehas to be less thah, andi, has to
curate calculation of noise margins for a particular circuit, computee greater thad, for proper operation. We see in Fig. 6, for a con-
simulation seems to be the best approach. A computer simulation s&ant-clock high current of 2.5 mA{ = 3.08 mA) asl, is increased
handle the complex equations arising out of a detailed device modebm I, to I;, NMy decreases fast while NMincreases by a very
Forthe RTD-HBT gate, we use the simple piecewise linear RTD modsimall amount. While the behavior of NMis corroborated by (18),
but resort to the modified Gummel-Poon model of the bipolar trathe behavior of NM, deviates considerably from (19) at higher values
sistor that is used in SPICE. Using an accurate model of the transistbi g . This should not come as a surprise, since the derivation of (19)
is very essential, since the transistor plays a crucial role in determiniagsumes$V.. — V) to be positive, while results presented in Fig. 6
the transfer function of these gates. were obtained usin§.. = 2 V, makingV.. — V; = —0.7 V. Load

V. COMPUTER SIMULATION RESULTS
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Fig. 8. Circuit for evaluating quiescent noise margin.

lines drawn withV... < V; will show us that the operating point after =~ 4 -
switching (from 1 to 0) has to be such that the transistor will be in sat _ 12 %2’; 1q=0.4mA
ration. From the above observation, it is clear that (19) cannot be us:é 0.8 \\‘ . %90:5
whenVe. < V. § s/ g 0.4
Next, we present computer simulation results by taking into accot 3 o.4 f//— — e 03 ®
the noise on the clock signal as described in Section IV. For this pt 02 e —— §o.2
pose, we use (27) to calculate the collector current of the transist  © £ 01 —
. - 0.1 03 05 07 09 0 0.1 020304 05060708
In order to get accurate numerical results, we compute the coordine Voltage (V) Noise (V)
(z, y) usingl; + &7 in place ofl;; andIq + &7 in place oflg and (a) (b)
(«', y') using I — &; in place of I andIo — &; in place of I i
[Fig. 4(c)] in accordance with Table Ill. Thereafter, we calculate the £ 044
noise margins as é 0.42
z 04
NMpy =y — 2’ (28) g 232
NM, =2 —y'. (29) 0.34

0 0.102030405060.70809
Quiescent current (mA)
[It should be noted that (25) and (26) are approximate forms of the (©
above two equations.] _ _ _ o o
Obviously, the noise on the clock line will have an effect of reducinfjd: 9 (@) Load line ?f the inverter. (b) Noise induced node voltage flipping.
" . . . ) - Noi i tion df .
the overall noise margin on the signal lines. Fig. 7 shows this effe ) oise margin as a function df

Interestingly, NM, does not seem to be affected at all by the clock ) ) ]

noise. This, in conjunction with the fact that NMdecreases with in- its output resistance, it would be best to attach noise sources of appro-
creasings;, tells us that the choice df; andZ,, should not be such priate p(.)larities. in the feedback_paths of a flip-ﬂop a.nd increase their
that NMgz = NM_. In fact, a robust design that can tolerate a |argé4alues till the fllp-flop changgs its state. In this section, we make an
amount of noise in the clock line, should halie and I, that make accurate evaluation of the quiescent state voltage noise margins of the
NM7 > NM7. RTD-HBT inverter using this technique. Fig. 8 shows the flip-flop cir-

cuitarrangement used for this purpose. Node 1 is at a high voltage while

node 2 is low. The noise sources are initially at 0 V. They are gradually

increased together till node 1 or node 2 changes state. The value of the
The analysis presented in the previous sections are valid during ti@se sources at this point corresponds to the noise margin of the gate.

evaluation phase of the clock cycle. It was noted that the noise margkig. 9 shows the load-line and voltage waveform for one such simula-

during gate switching can be increased by choosing the levéhof tion.

to be closer to the RTD’s peak current (wh&p, < Rp») or to its For simulating this circuit using SPICE, we used a very accurate

valley current (whenR,, > R,2). However, it may seem that this physics-based RTD model [18] along with an HBT model. The noise

type of biasing may be counter-productive in the quiescent phasensdrgins were calculated for various valued gffor a particular RTD

the clock cycle. During this phase, the gate is supposed to latch its sitaracteristic and then the peak curreht) of the RTD characteristic

and not switch even if the inputs change. If we consider the case whes@s also varied. The results are presented in Fig. 10.

R, < R,2,itmay seem that wheh, is set close td, a smallamount  Interestingly, we find that the noise margin increased@ss in-

of signal noise can cause the gate whose output is high to flip to the loveased and attains a maximum at a point close to the peak, before

state. Thus, a study of the quiescent noise margins of the gate becofallisg off again.

important. We see that the noise margins attained are quite high for a wide range
The best and the most accurate method of finding the noise mafvalues off; and the noise margins increase with higher peak current

gins of these types of gates would be to observe the behavior oflensities. The reason behind such high noise margins is the hysteretic

flip-flop circuit obtained by connecting two of these gates back to backature of the RTD’s current—voltage characteristics. To this extent, the

Lohstroh [17] has pointed out thatin order to make accurate estimatid®iED-HBT inverter is very similar to a Schmitt Trigger in its function-

of voltage noise margins for a gate whose input resistance is lower ttadity. We know that the sum of the noise margins of a Schmit Trigger

VI. NOISE MARGINS IN THE QUIESCENT STATE
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Fig. 10. Noise margins for different values ff and/,,.

can be more than its supply voltage [19]. In Fig. 10, we see that this
property is true for RTD-HBT gates, and in fact, by designing RTDs
with high peak currents, we can achieve very high individual quiescent
[10]

noise margins (definitely more than./2).

VII. CONCLUSION

The noise margin evaluation procedure presented in this brief can J&1

(5]

(6]

(71

(8]
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K. Maezawa and T. Mizutani, “A new resonant tunneling logic gate
employing monostable-bistable transitionJpn. J. Appl. Phys. Pt.
2—Letters vol. 32, pp. L42-L44, Jan. 1993.

S. Mohan, P. Mazumder, R. K. Mains, J. P. Sun, and G. |. Haddad,
“Logic design based on negative differential resistance characteristics
of quantum electronic devicesProc. Inst. Elect. Eng.— Gvol. 140,

pp. 383-391, Dec. 1993.

K. J. Chen, T. Waho, K. Maezawa, and M. Yamamoto, “Exclusive-or
logic circuit based on controlled quenching of series-connected nega-
tive differential resistance devicedEEE Electron Device Lett.vol.

17, pp. 309-311, June 1996.

K. J. Chen, K. Maezawa, T. Waho, and M. Yamamoto, “Device
technology for monolithic integration of InP-based resonant tun-
neling diodes and HEMTS,IEICE Trans. Electron. vol. E79-C,

pp. 1515-1524, Nov. 1996.

[9] W. Williamson, S. B. Enquist, D. H. Chow, H. L. Dunlap, S. Sub-

useful in the design of threshold gates using RTD. We have shown that

an upper-bound on the sum of the noise margiil ;; + NMy, ) that

[12]
can be extracted from a given RTD, irrespective of the type of transis-

tors used, can be obtained by using (15) and (16). Our analysis shows

that the choice of the clock currenfs and;; should be guided by
(18), (19), (25), and (26), but the final choice should be made afte
computer simulations of the form presented in Section V. This is be-
cause, when the output is LOW, the transistors are in saturation ar{d4]
(27) is definitely superior to (10), which tends to overestimate,NM
The analysis presented in this brief is for RTD threshold gate circuit
with bipolar transistors as pull-down devices. Analysis of threshol
gates for other types of transistors should be similarly performed. Sincg 6]

[13]

15]

RTD circuits are meant to be used at ultra-high speeds, the sharp rising

and falling edges of the clock and signal lines, coupled with the induc-
tances associated with the interconnects will produce what is known e{y]
AT-noise. The analysis presented above should be adequate in takia@]

these ringing effects into account.
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