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Abstract— The incorporation of Resonant Tunnel Diodes
(RTDs) into IV transistor technologies has shown an  with a cutoff frequency of 20GHz, allowing for tfiest time,
improved circuit performance: higher circuit speed, reduced gpplications of mixed signal, RF and high speedtlaigcuits
component count, and/or lowered —power consumption. 151 - Simpler and compatible with CMOS processdbricate
Cquenltly,_ the(é$%og&gg§n _of these devf'ces Into CMG%'SI Tunneling Diodes have been recently reported: tras that
technologies - is an area of active reseen. - : A

Althoughg some works have focused the evaluation ofhe do not need Ge are decribed ',n [7], and in [8] b_“,'tmt'(,)n
advantages of this incorporation, additional work h this Process based on CVD (Chemical Vapor Depositiosfead
direction is required. This paper compares RTD-CMOSand Of MBE (Molecular Beam Epitaxy) is presented.
pure CMOS realizations of a set of logic gates wHiccan be
operated in a gate-level nanopipelined fashion, ttau allows
estimating logic networks operating frequency. Lowe power-
delay products are obtained for RTD/CMOS implementéions.

even its MOBILE operation. It has been also repbadrITD

Another explored option is the development of pdures for
-V RTDs compatible with silicon substrates. Rety
importance advances have been achieved in this sueh us
the Tunneling Diodes in Ill-V materials and Ge @siART

. INTRODUCTION (Aspect Ratio Trapping) [9], [10].

Resonant tunneling devices (RTDs) are nowadaysidenesl
the most mature type of quantum-effect devices.yTae
already operating at room temperature and theybéxéry

Some works have focused the evaluation of the dadgas of
incorporating RTDs to CMOS technologies. In [11jet

attractive characteristics as high-speed operatiod low Keeper transistor of the domino logic gates isaepti by an
power consumption. RTDs are very fast non lineacudt R_TD, which _S|gn|f|cantly increases the noise _|mnnym|
elements which have been integrated with transistocreate Without affecting the area, delay and power congianpA
novel quantum devices and circuits. This incorporatof ~Static memory cell is described in [12], consistiof the
tunnel diodes into IlI/V transistor technologiesstshown an incorporation of a well-known DRAM cell topology thi a
improved circuit performance: higher circuit speestjuced Pair of RTDs. This structure improves the perforoenf a

component count, and/or lowered power consumptidn [tyPical 6-transistors SRAM cell in terms of thet&tgower
12, [3]. consumption in three orders of magnitude.

The degree of development of resonant tunnelingcéevis HOWeVer, in our opinion, additional work in thisregtion is
very different. RTDs fabricated in 1ll-V are, undwedly, the reduired. In particular, in the field of logic ciits,
most mature and most reported circuits based oonams €Stimations of performance/count devices improvesen
tunneling use them combined with different types gibtained through the addition of RTDs have beeriuated

transistors. Since the currently dominant technielkgise
silicon, plenty of efforts have been devoted to elep
devices with negative resistance in this materighe

resulting diodes have provided worse performanaa those
achieved in 11I-V technologies. Currently, the reation of
tunnel diodes in silicon is a very active reseaaoka where
progress are expected. In fact, it has been susgyélsat the
addition of RTDs to CMOS technology could extersllite

and even make investments worthwhile. It has béenvs

the integration of Resonant Interband Tunneling dem

for a set of logic functionalities (combinationaltgs and flip-
flops) [13], [14], [15], but without taking into aount their
usage in gate networks. This is a key point, bexassit will
be explained in next section, RTD logic gates allthe
implementation of a pipeline at the gate level. tTisaeach
gate is a pipeline stage and thus it should be eoenpo
CMOS logic styles operating in a similar way. Moreg up
to our knowledge there is a lack of recent studighis area
and as a consequence no data involving currenhétéagies
are available. This paper addresses these

(RITDs) with standard CMOS [4] and SiGe HBT [5],dan COntributes to provide results on how RTD-CMOS

issuds an
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realizations compare to pure CMOS gate-level pigeliones
when implemented in a commercial 1&0technology.

The paper is organised as follows: in Section TDRbased
logic gates working on the basis of the MOnostatde
Blstable operating principle are described. In Bactll, we
present the set of logic gates that has been dabigmd
evaluated. A comparison in terms of the power-delaguct
with the CMOS TSPC realizations of these structuees
described in Section IV. Finally, some conclusians given
in Section V.

II.  RTDBASEDMOBILE LOGIC GATES

Logic circuit applications of RTDs are mainly baseul the
MOnostable-Blstable Logic Element (MOBILE) which
exploits the negative differential resistance otithl-V
characteristic (Figured). The MOBILE [1] (Figure b) is a
rising edge triggered current controlled gate wtdohsists of
two RTDs connected in series and driven by a switchias
voltage . WhenV,,;sis low, both RTDs are in the on-state (0
low resistance state) and the circuit is monostdh@easing
to an appropriate maximum value ensures that twdylevice
with the lowest peak current switcheguénchels from the
on-state to the off-state (the high resistanceelt@utput is
high if the driver RTD is the one which switcheslahis low

if the load switches. When the load switches (thput
goes to low or “0”) and if otherwise when the @fiwswitches
(the output goes to high or “1”). Logic functioitglcan be
achieved if the peak current of one of the RTDsoistrolled
by an input. In the configuration for an inverterORILE

shown in Figure @, the peak current of the driver RTD can

be modulated using the external input signal. RT&akp
currents are selected such that the value of ttpubdepends
on whether the external input signal is “1” or *@&ssuming
the same peak current density,for all the RTDs, the peak
current is proportional to their area. P, high, the output
node maintains its value even if the input changésmt is,
this circuit structure is self-latching allowing tmplement
pipeline at the gate level.

This circuit topology has been extended to systealit
implement threshold gates. A threshold gate (TGjened
as a logic gate witm binary input variablesy (i=1, ...n),
one binary outpuy, and for which there is a set afHl) real
numbers: threshold and weightsw;, such that its input—
output relationship is defined as:

1iff > wx =T

n ®
0iff > wx<T

F(X, 0 X,) =

Figure M shows the RTD/HFET implementation of a generi

threshold gate [16] defined gs1 iff WyX;+HWoXo-WaXa-WsX>T,
and 0 otherwise. The RTD peak currents determine t
weights and the threshold. Input stages controlled by
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Figure 1. RTD MOBILE circuits. a) RTD-V characteristic. b) Basic
MOBILE c) MOBILE inverter.d) MOBILE TG.

external inputs are placed in parallel to drivedlaad RTDs
depending on whether the associated weight is ipesdr
negative, allowing the control of the peak curreftboth.

I1l.  DESIGN OFRTD-CMOSTHRESHOLDLOGIC GATES

To illustrate the design of threshold logic gategng RTD-
CMOS we have chosen four typical gates: binary rireve
NAND, NOR and inverted majority (NMAJ) gates.

The equation of the binary inverter can be wriiteterms of
(1) considering thatv;=-1 andT=0. The circuit diagram is

shown in Fig. 3, wheref, represents the area factor of the

driver and the input-stage RTD. The load RTD hamntsézed
1.5 times larger than the driver RTD has, so thabmect
operation can be achieved.

An n-input NOR gate corresponds to a TG in whigh-1

andT=0. Since the weights associated to each inpuesiag
the same, it is possible to group them using on® Rmdn

NMOS switch transistors, as shown in Fib. 2

In then-input NAND gate, the weights are equal to -1 dral t

threshold,T=1-n. The functional part of this gate is obtained
by connectingn switch transistors in series (only when all

inputs are equal to logic level ‘1’, the functior@ianch will
be triggered). Figureczshows the circuit diagram of this TG.

%he inverted majority gate ofinputs ( is odd), NMAJ, can

rpee written in terms of Eq. 1 as follows:
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Figure 2. RTD-based circuit diagrama) (Binary inverter ) n-input
NOR gate €) n-input NAND gate ) NMAJ; (e) NMAJ simulation
results.

1iff " x <[n/2] "

oiff > " x =[n/2]

The operation of an RTD-CMOS NMAdgate is shown in
Fig. 2. In this experiment, andx; are equal to ‘0’ and ‘1’,
respectively, and; switches from ‘0’ to ‘1. The output,
NMAJ3, only goes down to level ‘0’ wher andxs are equal
to ‘1’. Note that the output goes to low (resetjhnthe falling

edge of the clocked bias.

NMAJ (%,..., X) =

Cascaded MOBILE gates can be operated in a pigkline
fashion using a four phase overlapping clockingegué.
Second stage evaluate¥(, rising) while the first stage
(Vekd) is in the hold phaseVf; high). Because of self-
latching behavior, second stage is not affectethbyreset of
the first one. For a number of logic levels gredbemn three,
four bias signals are required. It has been demetest that a
network of MOBILE-based gates can be operated with
single clocked bias signal [17]. To achieve thismion,
positive edge triggered (PET) gates and negativge ed
triggered (NET) gates are alternated and latchesdded. In
summary, each gate in a network constitutes aipgpstage.
A gate-level pipeline is implemented. In other wsrd
network operation speed is independent of logidtdépt is
determined by the clock frequency at which singléeg can
be operated.

IV. PERFORMANCEMEASURING

The performance of several gates implemented willDdR
and commercial transistors has been compared witke T
Single Phase Clock (TSPC) CMOS realizations, sihey
also implement gate-level pipeline. For detailedctional
description of TSPC refer to [18].

A. True Single Phase Clock Realizations

TSPC Network structures are based on the conneofidh
type andP-type dynamic logic gates, placing latches between
them. Figures &3d depict the schematic diagram oNaype
realization of the binary inverter, theinput NOR, then-
input NAND and the NMAg gates, where the marked area
represents its functional part.

TheN-type structures preload the output voltagg,, to Vpc
when the clock voltagé/ck, is low and evaluates whéfy,

is high. Figure é shows the waveforms associated to an
NMAJ; gate test bench, wherg andx; are equal to ‘0’ and
‘1’, respectively, anc; switches from ‘0’ to ‘1".

B. Simulation set up

HSPICE® parametric simulations of the RTD-based t#ed
TSPC gates have been carried out in order to explogir
performance. For both structures, we have variesktaof
some key parameters, taking a discrete numbernoples of
each one in a given range. We have simulated thetstes
obtained after combining all the feasible values tbé
parameters. An automatic verification tool basedviatlab©
has been developed to process the results proviged
HSPICE© and determine which sets of parameters give
structures that operate correctly. We have consitidghe
power-delay produc{PDP) as the figure of merit that will
determine the efficiency of each design. The PDé&efined
as the ratio between the average posegrsumptionPay, and
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Figure 3 N-type TSPC circuit diagramsa] Binary inverter i) n-input
NOR gate €) n-input NAND gate ¢) NMAJ; (e) NMAJ simulation
results.

(V)

Figure 4 Model of the RTD.

the operation frequency in which it has been meakur

fPDP,MIN-

We have taken a discrete set of parameters fordintbhtures
according to the description given below.

a) RTD-based circuits:For this structures, we have
varied the operation frequency and the area facfothe
RTD, fy.. Since standard process models for the NMOS
transistors and LOCOM models for the RTDs are used,
agreement between their areas is neccesary in twderify
that the order of magnitude of the current assedia both
devices are similar. For our analysis, we have idensd
variations of operation frequency from 1/(F8&4) to 1F04,
whereFO4 is the FO4-inverter delay of the technology. The
values off, between have been varied from 0.01 and 0.04,
where the mimimum area factor of the RTDs giveseakp
current equal to 20.96pA. Minimum gate-length trsios
have been used and transistor widths have beeto gée
minimum value associated to the technology (0.16gim)e
the current level supplied is larger enough to vallthe
operation of the transistor as a switch for thelyaea values
of f,.

b) TSPC circuits: We have varied the operation
frequency and the widths of the MOS transistovg,
Minimum gate-length transistor are also used These
structures have been sized considering that the MO
transistor width is<-W (K=3.5 for this technology), and when
N NMOS transistors are connected in series theithsidre
set toN-W (W has been varied from 0.16um to 3.2ufhe
operation frequency has been changed also fronb1#@34)
to 1FO4.

Now we will describe the comparison and simulation
conditions that we will use.

1) Technologhy choiceSimulations results are given for
an standard 0.13n CMOS process. For the RTDs we have
used models from LOCOM[19]. The model of the RTRdis
for simulation is depicted in Fig. 4. Each RTD isdeled by
its intrinsic capacitor and resistance, and a pHrebnnected
voltage controlled current source that represehts |tV
characteristic of the RTD.

2) Power supply scaling Power supply has been
independtly scaled for the RTD-based circuits drel TSPC
structures. We have considered a supply voltage 2y for
the TSPC structures since it is the standard veltadue of
the technology. For the RTD-based structure, a Igupp
voltage of 0.7¥ has been used, which better suits the
available RTDI-V characteristic.



TABLE I. TSPCCIRCUITS SIMULATION RESULTS frequency is given in terms of the FO4-inverteragebf the

technology, fuorvi= FO4-Bppmin; These results have been
TSPC One latch load Two latches load Three latches loa plotted in Figure 5. where the gray and black mepresem
P'(Df?)m‘” frov P'(Df?)m‘” fom P'(Df'j)"“'" i | the PDP RTD-based and TSPC structures, respectiveyn
werrer | 2.05 0.58 289 043l 390 0.3} these figures, it can be clearly observed thatdteposed
- 301 0.43 402 0.31 5 66 0.3 RTD-based gates improve the PDP performance ower th
: : : : ’ : TSPC designs. Gray points are in all cases welleurke
NOR-2 2.35 0.55 3.22 0401 415 031 black ones. In addition, PDP of TSPC structureseases
NOR:3 272 0.49 3.59 0371 459 o.od more with gate functionality than RTD ones.
NoR4 3.12 0.43 3.94 0.34] 480 024 Note that there are some results that require iaddit
) comments since they might seem “rare”. First, semglates
NMAI-3 4.40 0.34 5.37 0.28 7.91 0.2 " . ’
| do not always exhibit the highest frequency (faaraple INV
and NMAJ-3 using RTDs and fanout two, or INV and
NAND-2 using TSPC and fanout three). Secondly, ¢heme
TABLE II. RTD-BASED CIRCUITS SIMULATION RESULTS significant differences between the relative parfances (in
terms of the operation frequency) when we changeothiput
RTD One latch load Two latches load Three latches load |oad. For instance, when the RTD-based structumes a

PDPin friorm PDPmn  fnorw | PDPmn  fnorw | charged by one latch, the NMAJate frequency is lower

) ) ) than the other gates. On the contrary, when thectsire is

MR 0-85 03 156 0-32 221 0-29 loaded by two latches the NMA@ate works at the highest
NAND 2 101 0.5 17 o28) 233 029 frequency. Note that in the experiment carried éut,each

NOR-2 0.92 0.39 1.15 0.39 211 0271 gate, a set of differently sized structures areluated at

several frequencies. Among the working ones, the with

NOR-3 1.04 0.36 1.65 0.28 2.24 0.29 :
the smallest PDP has been selected and represientee

NOR-4 1.18 0.40 1.80 0.24 2.29 0.29 frequency-PDP design evaluation space. That shatld not

be interpreted that the maximum operating frequémdythe
one at which the minimum PDP is achieved is being

NMAY-3 1.44 0.34 203 039 271 0.29

represented. In other words, RTD-NMAdate with fan out 2
3) Fan-out load For all the structures, we haven€eds to operate at higher frequencies than ther GfiD-
considered that they have been loaded with one, ansp 92t€S to have a minimum PDP.

three minimum-sizedll-type TSPC latches.
P The efficiency of the RTD-CMOS structures over #&PC

esigns is shown in Table Ill. We have measured”be of
he RTD-CMOS circuits at their maximum operation
. . frequency. If we compare these results with thesagieen in
there are no mlsma_tch moc_iels avallable_for__the I‘@DoTable I, we can conclude that even for higher dpmra
tephnology and no information about variability, sat ,Of frequencies, the RTD-CMOS structures are moreieffidn
critical parameters has been chosen and assoct@edemg of the PDP than the TSPC circuits. Figureids the
gaussian distributions (for each device). Partigylee have ppp g frequency representation for the RTD-CMOS
considered the peak voltage and the area of the.RT® gyryctures (in gray) and the TSPC circuits (in kjasvhen
absolute error, modelled for each parameter andcelés they are loaded with a singietype latch.

determined by a relative errdg, and its size. The absolute

error of the areas of the RTDs is given by

4) Mismatch Standard mismatch models from th
technology have been used with the MOS transistirce

aer= ECA, Qf A,/ A whereA is the area of the RTDA, TABLE III. RTD-BASED CIRCUITS SIMULATION RESULTS
is the minimum feasible area of the RTD). On theeotside,
the absolute error of the peak voltages is given byRTD One latch load Two latches load Three latches loa

_ PDPmm fMAX,NORM PDPrrlin fMA)(,NORM PDPrrlin fMA)(,NORM
aev= ED\é. (f3) (fJ) ()

wverter | 0.88 0.76 1.72 0.48 2.38 0.33

C. Simulation results nwoz | 1.01 0.50 178  039] 237 033
Tables | and Il depicts the performance (PDP argfamg | wor- 0.94 0.51 1.68 0.47 208 0.33
frequency) of the structures exhibiting the smalleOP ——
among those that have been simulated in the desigoe 0.83 0.56 167 047 226 033
exploration experiment above described. Results th@ | nor< 1.28 0.57 1.96 0.39 251 0.29
inverter, two-input NAND gate; two, three and fomput
NOR gates and the three-input inverted majorityegatith | "“***° 1.41 0.52 2.08 0.39 2.73 0.29

the three load conditions analyzed are shown Thezadipn
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Figure 5. Minimum PDP vs frequency representationthe proposed

structures (RTD-CMOS in gray and TSPC in black) mtteey are loaded

with (@) one minimum TSPC latch b)Y two minimum TSPC latches and
(c) three minimum TSPC latches .

We have also verified that setting up the powerpsup
voltage of the TSPC structures to O/76auses a marked

PDP (1])

1 latch load

NMAJ-3

NAND-2 -
NOR-3 NOR-2

NOR-4 INV

N A N 0

NMAJ-3

NAND-2
NOR-2 NOR-3

NOR-4 INV

ﬁ'ORM
03 04 05 06 0.7 08

Figure 6. PDP vs frequency plot for the TSPC (iack) and RTD-
CMOS (in gray) loaded with orlé-type latch.

improving the PDP performance with regard to theDRT
based structure.

Mismatch analyses (3-sigma) have been performezhéck
the robustness of the design. We have verified citreect
operation of the structures with relative errors tre
mismatch model of the RTD up to 8%.

V. CONCLUSIONS

Realizations of RTD-CMOS logic gates working of thesis
of the MOBILE operating principle have been introdd. A
comparison to only transistor implementations usit®8PC
logic style, well suitable for gate level pipelindiéte the
proposed RTD structures, has been carried out.
experiment of design space exploration has beearitded
which shows the efficiency of the RTD-CMOS desigrero
the CMOS TSPC structures in terms of PDP.
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