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factor. To avoid the negative value of L, and to
guarantee a smooth change in L,,, Vps in equation

(19) 1s replaced by a smoothing function Vosy
[12]

a1 7

ln(1+e")

!
- Vosnr

Vosy 1+ (14)

The expression Fpgy in equation (14) gives

¢

Vos and Vo, when VU F,,, and
Vos © Vosr respectively. Parameter 4 in

equation (20) is used to contro! the smoothness of
the curve.

[1I. RESULTS AND DISCUSSION

To venify the validity of the model, the model
results have been compared with the
experimental data[2]. The devices were
fabricated with several gate lengths ranging from
0.07um to 0.25pum with the oxide thickness of
4.5nm. Fig. 1 shows the electric field from
(3)(dash line) and the electron temperature from
(4)(solid line) of the 0.1 um MOSFET for two
different drain source voltages(Fps=0.1V and
0.2V) respectively. As seen, higher drain source
voltage results in higher electric field and thus
higher electron temperature. It can be noticed
that carriers take longer distance before they are
in equilibrium with the lattice.

Figure 2 shows the comparison between the
theoretical predictions of current voltage
charactenstic(solid line), the theoretical
predictions without velocity overshoot{7]}(dash
line) and the experimental data(dot)[2]. In the
simulation, an effective channel doping
concentration (N,). low field mobility (),

saturation velocity (v,). parasitic drain source
resistance (R), smoothing factor (4) and y are
7x10'" cm™, 480 cm¥/V.s, 9x10° V/cm, 55 Q. 10
and 0.12 respectively. As seen. the predictions
show increasing differences in the drain current
with and without velocity overshoot especially
for larger applied drain source voltages Fps. This
is attributed to the increasing electric field. For
example, for the device biased at Fgs= 0.8V and
Vps= 0.6V, the drain current including velocity
overshoot effect can be 29% larger than the
current without velocity overshoot. The
agreements between the theoretical predictions

and. the experimental data are well obtained over
a wide range of applied gate and drain voltages.
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IV. CONCLUSION

A physics-based modeling of short channel
MOSFET including velocity overshoot is
presented. The model is developed based on the
solution of energy balance equation. Electron
temperature is analytically obtained along the
channel and the thermoelectric and drift current
are calculated. The model includes the effects of
the mobility degradation, channel length
modulation, drain induced barrier lowering and
parasitic drain source resistance. The theoretical
predictions of the model are compared with the
experimental data and shown to be in good
agreement over a wide range of biasing
conditions.
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Abstract  This paper presents a 3Volt high
frequency and low input impedance CMOS
current mode precision full-wave rectifier.
The circuit is designed based on an improved
Wilson current miller. All MOS transistors
are biased at low current resulting in small
power dissipation. Negative feedback has
been employved to reduce the input impedance
of the circuit(236€2). HSPICE is used to
perform the simulation and the result shows
the frequency of operation as high as 100
MHz with a standard 0.5pm CMOS
technology. The mismatch obtained from the
input and rectifier’s output is 0.21% for an
input current of +150puA. The DC transfer
characteristic shows good linearity, very
sharp corner at zero crossing point and good
symmetry during positive and negative input
cycle while power dissipation is S.8uW,

1. INTRODUCTION

PRECISION Full-Wave Rectifiers (PFWRs) are
one among very important circuit building blocks
for analog and digital signal processing.
conditioning and instrumentation especially for
low level signals. Applications include RMS to
DC conversions and peak detectors. Several
approaches have been proposed[1-3] to build
precision rectifiers. Conventionally, precision
rectifiers are based on diodes and opamps[1-2].
The rectifier however has a problem with a high
distortion during the zero crossing of the input
signal due to that the opamps have to recover
during non-conduction/conduction transition
with a finite small signal di”de(slew rate). The
rectifiers are thus limited to a frequency
performance well below the gain bandwidth
product f7 of the amplifier. An improvement of
the rectifier design was to use current conveyors
and diodes{3-4]. The resulting circuits can
operate at high frequency. However. the circuits
are power hungry and quite large making them
unsuitable for implementing in the large scale

integrated circuit. Recently. a high performance
precision rectifier has been proposed{5]. The
circuit consists of only three transistors and are
biased with low current resulting in low total
power dissipation(4.8u\W). The circuit can also
operate at high frequency(100 MHz). However,
the mput impedance of the circuit 1s quite
high(7.2kQ-47kQQ) posing a problem 1n the
current mode circuit design.  In addition, the
output signal is not symmetry during positive
and negative input cycle.

In this paper, a high frequency low input
impedance CMOS current mode precision full-
wave rectifier is proposed. The circuit is
designed based on an improved Wilson current
miller. All MOS transistors are biased at low
current resulting in small power dissipation.
Negative feedback has been employed to reduce
the input impedance of the circuit. The DC
transfer characteristic shows good linearity. very
sharp comer at zero crossing point and good
symmetry duning positive and negative input
cycle.

I1. PRECISION FULL-WAVE RECTIFIER (PFWR)

Fig. 1 shows the proposed precision rectifier.
The circuit is designed based on two precision
half wave rectifiers{M,,-M:, and M ,-Mg)
operating alternatively during positive and
negative input cycle. I, and I, are the input
currents with the same magnitude but 180 degree
out of phase. Mj,;, arc used 1o biased M, ,-M.,s
on the edge of conduction. When L,, and L.
flows into node a and out of node b respectively.
M;, cuts off while Mi,. which 1s connected as a
common gate, allows the input current I,. to
flows through the load R. Same explanation 1s
applied when I,,; and l,;: flows out of node a and
into node b respectively. As a result. the circuit
works as a full-wave rectifier.  The input
impedance of the circuit(node a and b) are very
low due to the negative feedback(shunt input)
with in the loop M|, y-M,,». To demonstrate this
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fact, when l;,; flows into node a, Voltage at node
a, V,, is pulied high. The signal V. is amplified
via M;,(common source) causing voltage at the
drain of My, and at the gate of My, to go low. As
a result, the source voltage of M, is forced to be
low. Straight forward circuit analysis shows the
input impedance of the circuit given by

R, !

m

It

Entlab ™ Emias * Em2ap gm3a.b(r02a.b ”roSG.b)

(1}

while the output impedance is given as

Rour = o3a.b [“nga.b('oZa.b ”"050~b):|' ()

v
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:] Mas = May
[nl_ @ @ IlﬂZ

; M, Mg, r' Mz My
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Fig. 1 Schematic diagram of the proposed precision
full-wave rectifier(PFWR),

II1. APPLICATION

There are many applications of the precision
full-wave rectifier circuit such as RMS-to-DC
converters and averaging circuits [6]. In this
section, averaging current circuit is presented
based on our proposed full-wave rectifier. This
can be done by passing the output current after
rectified to the first order low pass filter. Fig. 2
shows a simple first order low pass filter which
consists of a current miller(Ms and M;) and a
capacitor C,y to control the ripple of the output
current signal.

The averaging output current signal /- of the
first order low-pass filter in Fig. 2 is given by

= _lji’i__ (3)
1+ S(C.-u' ’gmé)
|1

T 1+ 5(Car /8me)

f,.

:'nl (4)

A

Fig 2. First order Low-pass filter

If sC 41 7 gmg >> 1, then Iy in the s-domain and
time-domain are

L = l]inl']sgc.mo (3)
A
1
Ly =7 [\l ©)

respectively and 7 is the RC time constant equal
10C -/ g -

The criterion for selecting the value of C, is
that the capacitor has to be large enough to keep

the residual output ripple within specified limits
[6] or

)

where f,

v 15 the low end of input frequency
range of interest. Because g, varies as a

function of the drain current Ip, Z,¢meg OF

NEPRCIDATN

should exceed the right-hand term by the inverse
of the fractional ripple error that can be tolerated
at the output current.

should be employed. Cyy

{V. PERFORMANCE OF THE PROPOSED PFWR

To verify the circuits performance, HSPICE is
used to simulate the proposed circuit using a
standard 0.5um CMOS process. In this work,
the bias voltage Vj is used to bias Ms, and M, to
have the drain currents of 0.5uA. Table 1 shows
all transistors’ aspect ratio. Fig. 3 shows input
impedance of the proposed PFWR(solid line) and
that by[5](dash line). As seen, our proposed
circuit has relatively much lower input

impedance. To the best of authors' knowledge,
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our ¢ircuit otfers lowest input impedance(236€2).
Fig. 4 shows the comparison of the DO transter
characteristic of our circuit (solid line) and
[3](dash hine). As seen, the proposed cireuit
shows a sharp comer at vero crossing pont and
good symmetry durmg posiive and  negative
mput cycle while the ciremit by [5] shows
mismatch Jurimg positive put cvele as a result
of channel length modulation of the transistor.
The nusmateh  obtamed from  the input and
rectifier’s output i this PEWR are 0.21%4 for an
input current ot V15300 Figo 5 shows trunsient
simulation ol wput signalgdon, our ciremisohd

fined and |3 odash hined for the mput fregueney off

TOONMETZ. The results show that our cucnt gives
a4 good svmmietry for bath positive and negative
mput cvele at high frequency. The total power
dissipation s S.850uW. Frgo o shows averaging
current as a tunction of tme. As seen, at steady
state, our output current shows 04,750 A while
the  theoretical  ourpw should  read
Gl o6pA or 1.7% error. This error s a durect
result of the dran source veoltage mmsmalteh
between M, and Mooand can be solved by
increasmyg the channel length of the transistors
M. and M- or using techmigque (o
enhance the output impedance at the output node.

currernt

casconde

Table 1 Transistor's geometnical dimensions
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V. CONCLUSION
A high performance current maode  precision
full-wave rectifier based on an improved Wilson

current nuller 15 proposed.  All transistors are
biased at low current resulting in small power
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dissipation (5.8uW). The input impedance of the
circuit is small(236€2) and the circuit can operate
at 100 MHz with only 0.21% mismatch between

input and output signals for +150uA input
current.
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ABSTRACT

*1.5V high performance CMOS rail to rail voltage
follower is presented. The circuit 1s based on the
symmetrical class AB voltage foliower and can operate
under supply voltages of + 1.5 V. The proposed circuit has
powcer dissipation of 5.2mW under quiescent condition and
can drive +1.25 V 10 250 Q load with a 1otal harmonic
distortion of less than 0.5 percent and cut off frequency of
237 MHz. Although simple, the proposed circuit cnables
the output transistors to drive load cfficiently.

1. INTRODUCTION

An integrated voltage follower is onc of the
indispensable blocks in many analog VLSI systems. At
present. most system requirements make it necessary for the
follower to be able to drive low-resistance loads while, at
the same ume, handle large output voltage swing and
maintain low harmonic distortion Secveral approaches have
been proposed 10 achicve this goal [1-6] Onc among the
most popular approaches for realizing such follower 1s to
employ a pseudo source follower which has a parr of
complementary common-source MOS  transistors. A
pseudo source follower has a key advantage 1n that it offers
small output impedance. Morcover, the pscudo source
follower offers a larger output voltage swing compared to a
simple common drain type source follower. Howcver, this
approach suffers from the difficulty in the control of the
quiescent current as a result of the random threshold
voltage and high transconductance of pullup and pulldown
parts. Therefore, any practical circunt using such approach
necds 1o incorporate an additronal mechanism to control the
quiescent current. In addition, compensation capacitors are
required to improve the stability and the transicni response
and thus requiring large chip arca. Kadanka ct al.[7] has
proposcd wild swing voltage follower without fecdback.
The circuit contains both BJTs and MOS transistors and is
based on a double buffer implemented in the class AB
emitter follower configuration. BJTs arc cmployed as a
core part and connected as an crmitter follower duc to two
main reasons: 1) BJT has higher transconductance over
MOS transistor, and 2) the mismatch in basc-cmitter
voltage(AVpe) of npn and pnp 1s much less than the
mismatch in the gate-source voltage(AVgs) of NMOS and
PMOS. The circuit shows good dynamic performance,
good stability and low power dissipation. The circuit

This work was supported by Thailand Research Fund(TRE)"(grant
no. PDF/74/2544),

implementation however requircs BiCMOS process which
has lower level of integration and higher power dissipation
compared to the well known CMOS technology.

This paper presents 1.5V high performance CMOS rail
to rail voliage follower which is capable of handling large
output voltage swing and maintaining low harmonic
distertion. The circuit 1s based on the symmetrical voltage
follower  with additional circuit 1o enhance
transconductance and, at the same time, reduce pate-source
voltage mismaich. The circuit can operate under +1.5V
supplics and can drive £1.25V to 250 Q load with a total
harmonic distortion of less than 0.5 percent and cut off
frequency of 237 MHz. The power dissipation under
quicscent condition is 5.2mW.

2. CIRCUIT DESCRIPTION

A conventional symmetrical voltage follower is shown
in Fig. 1. The circuit conssists of four transistors(M1-M4)
connecting in the two stage common drain(double buffer)
using class AB configuration. This configuration however
has three main drawbacks: 1) a large offset voltage duc 1o
the mismatch between the gate-source voltage of NMOS
and PMQS, 2) a high output impedance due to a reduced
transconductance(g,) of the MOS transistor compared to
BJT's countcrpart, and 3) a significant limitation in the
lincar output swing. All these problems can be alleviated
using the proposced circuit shown in Fig. 2.

Vg

] E—'TE

loias

I Voew

E—iI

g M;

-

Figure 1. Conventional symmectrical voltage follower.

Vs

The proposed circuit in Fig. 2 is based on the
symmetrical voltage follower described in Fig.1. The four
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transistors (M1, M3, MS and M7) work as two stage
common drain stage and arc biased by curremt mirrors
implemented by both NMOS and PMOS transistors (M2-
M4 and M6-MS8) with a transfer current ratio of afsee
Fig.2). Since M1 has the same drain current as M2 and M3
has the same drain current as MJd, the gale-source voltages
of M1 and M3 arc then nearly cqual provided that all
NMOS have the same dimensions and all PMOS have the
same dimensions. This gate-source voltage matching
approach is also apphied to the upper follower (M5-M8).
As a result, the offsetl voltage of the voltage follower has
been minimized[§)

The transconductance of the output MOS transistors can
be increased by using two compound transistors as
suggested i [8] consisting of MI1-MJ and M5-MS. The
transconductance of the lower follower (M1-M4) and upper
follower (M53-M8) arc given by Egstla)and (1b) as

gm\ 'gm:i

Emitawery = — (1a)
gml _a'gnﬂ
g'ﬂ. ‘ng
EmirrPery = i =Snl (1b)
grﬂ.‘ _a.gm_

respectively.

From Egs.(1a) and (1b). the transconductance of output
transistors can be adjusted through the transfer current ratio
a The simulation shows that proper value of & can result
in very high transconductance

For the input voltage with the amphtude i between
Vioow and ¥y, the circuit will operate as a conventional
voltage follower with an enhanced transconductance and
the reduced gate-source voltage

¥oaa
B e -— - —_—— ——
"1z . =7
- - e g™
———— a5 : il
| i, :m a |
g, WL} | | |
- - - — - —== =1 1 M8
P ! ]
— n
NP
N VR |

Ve

Figure 2. Proposed rail to rail voltage follower

mismatch. By using Eqs.(la) and (Ib), the output
impedance of the circuit is given by

R = 1 a 1 a
o= ——— -— )
gm! gnl gm'! g.,.s

If the input voltage is lower than Vo4, the bias current
Iga for both transistors M1 and M9, which are connected as
a differential amplifier, mostly becomes the drain current of
M9 and is mirrored by two current mirrors M11-M12 and
M13-M14. M14, which has its width N-times that of M13,
now acts as bias current for the upper voltage follower(MS5-
MB8). The output is capable to swing within one overdrive
(Vpsat)4) of the negative supply with the output impedance
Rowow, given by Vg, -afg... Similarly, if the input
voltage is higher than ¥Fygy, the bias curremt I, for
transistors MS and MI10, which arc connected as a
differential amplifier, mostly becomes the drain current of
M10 and 1s mirrored by two current murrors M15-M16 and
M17-M18. M18, which has its width N-times that of M17,
now acts as bias current for the lower voltage follower
(MI1-M4). The output in this case 1s capable to swing
within one overdrive {Vpsatig) of the positive supply with
the output impedance Roupcr given by /8 -a/g.,

A low quiescent current of the circuit are obtained by
properly selecting biasing currents [, and Iz and two bias
voltages Vygw and Fou  We have chosen the gy and
Vips 10 be 0.5 V' and -0.5 V and Ig, and lg; to be 10 uA
respectively. The quicscent current as a result is found to
be 550 pA.

3. EXPERIMENTAL RESULTS

To cvaluate the performance of the proposed circuit.
the simulation is performed using HSPICE with a standard
win well 0.6 um CMOS technology. All H7L valuces of the
transistors used in the circuit are summarnized in Table 1. It
1s noted that the mobility of the electron in this process 15
approximately four times that of hole and the transfer
current ratio & used in this work s around 1/8. The
simulations results show high performance charactenistics,
namely low output impedance, low harmonic distoruon.
large lincar output voltage swing. wide bandwidth and low
power dissipation. The proposed voltage follower 1s
connected to drive #1.25 V to 250 Q) load and the highest
output impedance of the circuit is found to be less than 38
€2 while the harmonic distortion is less than 0.5 percent. ors
Figure 3 shows DC transfer charactenstics of the cireunt
with the same load. Dotted and solid lines represent input
and output waveform respectively. As seen, the output can
tracc the input over a wide range lincarly. Figure 4 show
output waveform of the circuit with the input signal is 1kHz
at 1.5Vpp. Figure S shows a frequency response of the
circuit. The cut off frequency is found to be 237MH2.
Figurc 6 shows the output impedance of the proposed
follower. It can be seen that low output impedance can be
obtained. in the range of operation (+1.23V) with maximum
valuc of 3.8Q. Figurc 7 show the THD versus the input
voltage for 1kHz sinusoidal signal. The power dissipation 1s
5.2mW under quiescent condition.
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4. CONCLUSIONS

1.5V high performance CMOS rail to rail voltage
follower 1s presented. The circuit is based on the
symmetrical class AB voltage follower and can opcrate
under supply voltages of £ 1.5 V. The proposed circuit has
power dissipation of 5.2mW under quicscent condition and
can drive £1.25 V to 250 Q load with a total harmonic
distortion of less than 0.5 percent and cut off frequency of
237 MHz. The maximum output impedance is less than 3.8
Q. Although simple. the proposed circunt enables the output
transistors to drive load cfficiently.

Table 1. Aspect ratio of transistors

Transistors Aspect Ratios
(H7L)
MI1.M2 M9 55/1
M3.Md 750/0.6
M5 M6.M10 2201
M7.M38 450/0.6
MI1I.MI2MI17 4.6/1
MI3I MI5.MI6 1.2/1
Ml4 380-0.6
MISB 1305/0.6
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Figure 3. DC transfer characteristics
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Abstract— A bidirectional DC model of n-MOSFET using
exponential interface state profile is proposed. The model
employs single physically based exponential expression to
describe localized distribution of the interface states along
the channel. The saturation voltage as a function of a
position along the channel due to localized interface states
is taken into account. Several short-channel cffects
including vertical and lateral ficld degradations. saturation
velocity. parasitic source-drain resistances, channel length
modulation are included. The predictions of the model
agree well with the experimental data.

[. INTRODUCTION

At present, MOS device size has been scaled down without
proportional reduction of supply voltages resulting 1n very high
electric field especially near the drain end. Such high electric
field creates hot carriers causing long term reliability concerns
of the device operation. One of the main concerns 1s the
injection of high encrgy clectrons resulting 1n localized
interface trap generation.

Several attempts [1-5] have been proposcd to model the
device degradation due to interface trapping N, Hsu et al.[2]
employed umiform distribution of A, throughout the channel
while Chung et al [3] used umiform distribution of N, only in
the high field region(near the drain). The model accuracies are
questionable as the interface trapping generation 1s a direct
result of hot carriers which 1s caused by high clectric field. It
is well known that the clectric ficld 1s not constant but
increasing 1n the cosine hyperbolic trend [7] near the drain and
thus uniform distribution is questionable. Chen ct al. [1] and
Leblebici e1 al{4] proposed spaual dependent N,{) in the
linear form in damaged region and assumed zero clsewhere. In
their model. such spatial dependent A,(3) has been however
averaged to simplify the drain current expression and therefore
the localized effccts of N,{y) arc not properly accounted for. In
addition, two expressions are used to describe interface state
profile causing a discontinuity in the model. Quader ct al.[5]
proposed the bidircctional model based on a uniform interface
state in the high field regions. The uniform distribution 1s
Questionable as stated previously. The mobility as a runctlon
of N,(») is again assumed average value. In addition, the
current deviation from the pre-stressed device is calculated
using superposition principle which is invalid since effects of
the interface states from source and drain ends arc not
completely uncorreiated. _

In this paper, a bidirectional DC model of n-MOSFET using
exponential interface state profile is proposed. The m(_’del
employs single exponential expression to describe Io_caltzed
distribution of N,(’) making the prediction results continuous.
The model does not assume any average value and thus fully

accounts for localized effects of N,y). The saturation
voltage as a function of a position in the channel due to
localized N, (v) is taken into account. The resulting model
provides physical explanation of the drain current
degradarion.

1I. MODEL

[n this work, single expression of the interface state profile
is employed and given as

N"’(y) = Nmo .e"-""x' + Nmfo _el_i‘-Llf,v_, (I)

where ), L, Ny and N,y are location along the channel,
channcl length, interface state densities at the source and
drain ends respectively. » and p; arc fitting parameters
used to determine the shape of the interface state profile as
shown in Fig. 1. As scen, the interface state at drain and
source ends are descnbed using single physically based
exponential expression and thus the problem of the
discontinuty in the current voltage characteristic created by
interface state profile has been avoided. Eq. (1) will be
uscd n developing DC model instead of cmploying an
average valuc as conventionally done in other research
works{1-5] and thereforc the localization of interface state
is taken into account properly.

N,
¥ N
Nud() -------------------------------
Nlhl'.l
N,,dr/f ——————————————————————————
N,“,-/L’ i L-)‘.r
— T I ’ )!
Orsources Position along the channel L rdeauny
Fi

g | Interface state distribution profile.

The drain current of the hot-carrier-induced MOSFET is
1, = WE_(yi(y) (2)

where W, 0.y} and wy) are channel width, charge density
and drift velocity given by
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H oy
v(y) = L — .
N 0+ AV (ol E. ) -
+ v hS +
E.(»
and Mg

ﬂqr = I +9U,‘\ _l’n,)

o E. @ and K arc low field mobility, lateral electric field,
vertical mability degradation factor and fiting parameter
accounting for the mability degradation due to interface state.
Eyv) s entcal electne field given by £.,0/+K N,(vy) and E.y is
eritical electnc field of the pre-stressed devices[1).

The charge density Qarvy 1s[1]

Q. =C,, U0, =15 - 2u, (3= AV400D (3)

where C,,. §ry. ao Fvs and A 2300 are capacitance. threshold
voltage. a Taylor's series correction factor, channel potenual
and locahized flat band voltage varation as a result of interface
state given by g Ny C,, respectinely
Substituting (1) into g N s L, for M) and Qo and
wys 1o (2) and integraung the result from the source to the
drain ends vield the dramn current in the hinear region, /5, as
g Gt W =Yy Wb - mab i <8 - ale g €0 1)
{2 =3 ) ;.-A;_{i!.,_ioil“‘.;_ -

where

AL Y=y N Ltk -l v, N [i__ expil ¥, 1 -evpi-L _le]

. A L.
AL =y "N -y - 11k,
¥
. .
¥, N e =) k=L v
L
th=1m1
A:[L",)=Li.-l,ll_,,,)‘2 "2 i
ot f

k=expl-L,'» ) k. =exp-L, r}

and L g is the channel length L The value of L (see Fig 2)
will be modified to L-{, when device operates 1n the saturation
region(discussed later) As seen, the current expression in (4)
is a simple analyucal expression and derived ba_sed local
mterface state in (1) without using an average value, &

The drain current 1n (4) assumes zcro parasitic drawn R, and
source resistances K,. Such assumption 1s tmvalid especially for
very short channel devices To account for this effects, one can
use the fact that ¥, = 45— Rdp., 35 = Vo - Rufpiand b = ¥
+ R.Ip, where Vg5 ¥ and F; are actual apphied voltages.

The drain current in (4) including R, and R, s therefore given
by

-8, -8B, -4 8, 8, (5)
Tou = 28 a

where

1
B, =(R,+R, ){E—+Wﬂﬂ,C,,,(R. —a,(R, - R, ))}

_q
8: =u}u«,Cm Cm
SR Vp )+ (Vg -V, AR, +R,)

(R, +R_,)-'l:(l_.,;)+2a"(R, Y+ R, V)

V
_(l_-bA'.,{'j(L'”)q. Ens )

o

By =Wty Con {(Vcs =V W) =0, (0" =¥, Ty =

(Vm )"‘:(Lrﬂ j}
oA

When the drain voltage F; is increased upto the onset of
saturaton voltage,f s 0. clectron at the drain end moves
with the saturation velocgity, 1, and the device is known to
operate at the onset of the saturation region. If Vi is
greater than 1,0 the point where electron moves wuth
saturation velocity moves toward the source end and known
as channel length modulation. In this case, device can be
divided into two sections. The first section extends from
the source end to the velocity saturation point, L.y which
has channe!l potenual of ¥, /L.p The second section
extends from the velocity saturation point to the drain end
and 15 given by modulation length £;.

One can find the drain current in the saturation region by
substituting (3) mnto (2) with viy) replaced by 1, as

[y = WOV =0, = 2a b (L v - AVl Dy, (6)

To compute 'y, f L. one has to replace ¥y, ¥, .1, m (4)

by b ouidlap. Via~losR,~Vs and Vi+IpsR,  respectively
and cquating the result to (6) to yield
VL =t-H, - H -3 H How2Hy (D)

where

H, = —2015 f-‘[ E.l_ + "',I’J,,, (‘._u R- “ h zac ) + u:lu"r (—.n a,.

.'\." ([_r" ]

1
H, =1-"|:l...: Vo —qg— ][E_'*“’FMC;NR.“"Z“-J:I

an

C.

[l

- la, -‘J[L-n’ + K- 4, Ldr )]

_u".u-rrc-u \-‘—cs _rm _2“-- l.: - (..q A:(L-ﬂ ']'
o

N (L) B
H, = Fa.:r - l'rw - —"'":|[L.-;:r +K '44(1-:# )1
Co

B, Co
e T o
L+ C,\ R,

To evaluate (6) and (7). one needs to know the value of
L.; This Ly can be obtained by applying a quasi two
dimensional approximation (QTDA) to rectangular
Gaussian box (shaded area in Fig. 2) in the second section
including interface state given in (1) yields

"-"J-: LM ‘E"‘Lrﬂ' W= = £,, L. _[: L i (8)

~e [ [ TE O ndz = [F[E% @@+ @, vtz
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V=¥, (L) 3 =N o, +D
C

Lo

| e TN .
A =55 -y,
1.7 X,
+ £ I sinhy -'.r} Y where 1= |-1 L
‘ AC,

LRty

where X, 1s junction depth and 4 s a fitung parameter.
Differentiating (8) with respect to v and = gives a second order
differential equation which can be solved subjected 10 proper
boundary conditions. £,y '=0) = E_and ¥y =1y = 1), 10 give
9.

¥ Gale

s |
»
x LY Ay

NG

LA

Drain
Y

Fig. 2 Cross secuon of MOSFET and Gaussian box

As seen. (9) has one unknown, 1 ¢ /,. and can be found using
Newton-Raphson method  We found that £, 1s obtamned after a
few 1terations (less than 12 sterations with mtial guessed /
computed without interface states). It 13 instructive to note that
the potential at the point of saturation velocity, ¥,..f L) 15 not
a constant. This 1s partly due to the fact that the interface state
is changing along the chunncl

Fig. 3 shows ¥,,.(Lp as a function of I'ns from the propo;\cd
modcl. The fiting paramclcrs Ao K and y, are 3.5010" em™
4.9x10"cm and 5.1x10%cm respectively.  As seen. our modc!
gives continuous curve while 1t was shown discontinuous In
Chen et al[l]. Such disconunuity 1n #, Lo can causc
discontinuity of the final drawn current.

194
18}
17
e 16t
=
=15
-
-4
> 14,
13
12 — tresh dewre bom (Re proposed model
——— damaged dewce from the proposed model
11 —  fresh dewce hom Chen's model
——  damaped dewce tom Chany model
—
1 T
1 13 2 25 3 35 [ a3 4

vosIv)
Fig. 3 Saturation voltages ¥,.(Lg as a function of ¥og from the
proposed modcl compared to Chen ctal[1]. at Vgs =3 V.

y {cxp{—l T-Ly7) expll, -1, ”)}.’ Mo

N"(Lm“{cxp(l A=ty _expll,/r, -1, .')} 1N, N..,u-ry
2 (l"_rd‘)

(I+y)

2

(9)

III. RESULTS AND DISCUSSION

The modei results have been compared with the
experimental data[4]. The device has the channel length L
and width ¥ of lum and 10um. Gate oxide thickness ¢, is
20nm. Effective substrate doping concentration N, is
5.0x10"%em™. o, Viun 6. ap. A, R, and R, arc 633cm’/Vs,
8.4x10%mv/s, 0.11V', 0.58, 3.35 and 35Q respectively.
Because the post-stress device is performed in one
direcuion, N, is therefore zero while N,z is 4.5x10'" em™
K and y, are 49x10"7cm and 5.1x10%cm. Fig. 4 shows a
comparison of pre- and post-stress current-voltage
characteristic.  As seen, a good agreement between the
predictions from this model and the experimental data [4]
over a wide range of biasing conditions is obtained. It 1s
noticed that the effect of the interface state 1s obvious in the
ltnear region while it is negligible in the satursuion region.
This 1s because the modulation length {; incrcases for an
increasing Fpg making the cffect of the interface siate,
mostly located near the drain, less pronounced.

-3

x 10
as
VGS=5V
3 G4
25 VGS=4V]
2
<
3 vGS=3V
15} ]

Maodel fresh
Model damaged

05 O © Expenmental fresh
+ + Experimental damaged
o]
9 1 2 3 4 5 5

VvDS(V)
Fig. 4 Comparison of pre- and post- stress /p-Vpg characieristic.
Depraded device (W= 10 pym. L = | pm. 7,, = 20 nm) was smessed
at =6 5V, Vgs = 2.6 17 for 423 hours [4].

Our model can be extended to include the effect of time
dependent degradation (age). To calculate generation of
interface state, onc can use AN, generation expression [6]

4 ]"
FQAE,

AN =C[r Iy (10)
o u,
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where C and & arc fituing paramcters. A, @, , E, and r are
electron mean free path. critical encrgy that clectron possess to
create interface state{3.7 ¢V), maximum lateral electric ficld in
the channc! and time for this stressing respectively. The
generated AN, is then used in the purposed model to predict the
drain current for a given stressing ime.

I'V. CONCLUSIONS

A physics-based bidirectional model of n-MOSFET including

interface state effects 1s proposed. The model does not use an
average value of N, (1) and thus locahized cffects are accounted
for properly. Single physically exponental nterface state
expression 1s used in developing model making model
continuous over a wide range of buasing conditions.  The
predictions of the model agree well with the experimental
data(4]
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Abstract }n this paper, an analytical model for short channel MOSFET including velocity
overshool 1s proposed. The model is developed based on the solution of energy balance
equation under the assumption of displaced Maxwellian distribution. The resulting mobility
model is an augmented version of a conventional mobility model and all parameters involved
are physical parameters. The model also includes the effects of the mobility degradation,
channel length modulation, drain induced barrier lowering(DIBL) and parasitic drain source
resistance. The theoretical predictions of the model are compared with the experimental data
and shown to be in good agreement over a wide range of bias conditions.

1. INTRODUCTION

Velocity overshoot is becoming more prominent as MOSFET dimension reduced to the
deep submicron regime(Ono et al. 1995, Sai-Halasz et al. 1988). This non local effect is a
result of the carrier transit time that becomes comparable with the energy relaxation time. As
a result, the field dependent mobility model assuming equilibrium with the lattice is not
suitable for modeling the deep submicron devices. Several approaches(Kan et al. 1991, Tang
et al. 1993, Sim 1995, Roldan et al. 1997, Kolhatkar and Dutta, 2000) have been proposed to
take into account this nonlocal effects. The work by Kan et al. (1991) included the
thermoelectric current to account for the velocity overshoot. The model is developed based
on perturbation analysis on the camrier temperature using the energy balance equation. Tang
et al. (1993} developed an improved hydrodynamic transport model. Both models however
require numerical calculation making the models unsuitable for circuit simulator due to
inefficient computation time. Sim (1995) has solved the energy balance eqjuation
incorporated with the drifi-diffusion equation analytically. However the linear
approximation is made on the integration of the thermoelectric current limiting the model
validity. In addition, the curmrent voltage characteristic has to be computed iteratively to
include the effect of the parasitic drain and source resistance. Roldan et al. (1997) proposed
the analytical model using augmented drift-diffusion velocity model. The model does not
take into account parasitic drain source resistance. The transconductance has also been
calculated but the model assumed no channel length modulation. Kolhatkar and Dutta et al.
(2000) has proposed the analytical model including velocity overshoot effect using
augmented drift-diffusion equation similar to that proposed by Roldan et al. (1997). The
model however is valid for drain voltage less than the saturation voltage limiting the validity
of the model. The derived transconductance is therefore limited to small drain voltages.

In this paper, an analytical model for short channel MOSFET including velocity overshoot
is proposed. The model is developed based on the solution of encrgy balanc-e. equation t{nder
the assumption of displaced Maxwellian distribution. The resulting moblhty_model is an
augmented version of a conventional mobility model and all parameters involved are
physical parameters. The model also includes the effects of the mobility degradation,
channel length modulation, drain induced barrier lowering and parasitic drain source
resistance. The theoretical predictions of the model are compared with the expenmel.nal data
with several gate lengths ranging from 0.07um to 0.25pum and shown to be in good
agreement over a wide range of bias conditions

I ANALYTICAL MODEL
The energy balance equation is written as(Lundstrom 1990)

_}Jg‘:\?)ﬁ'w+%mfcM (1)

[

where J, and F., are device current density and energy flux and given by
J, =nquE +qD Vn+ HknVT, (2)
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Fo=-2K ;&

" 24 q
k, T, To, ., y=(yoTo)/(¢9];), 4, and & are Boltzmann constant, electron lemperature,
lattice temperature, energy relaxation time, temperature dependent electron mobility, low
field mobility, vertical mobility degradation coefficient givenby 8=1+6 (¥, —1;)+6,},
where 6, and 6z account for degradation due to gate and body voltages respectively. Note
that the first term on the right hand side(RHS) of equation (1) represents the gradient of

energy flux while the second term represents the energy transferred from electrons 1o the
lattice.

By substituting equations (2) and (3) into equation (1) and assuming that the gradients of
energy flux and electron temperature are small (i.e., all the energy given to the electrons can
transfer to the lattice simultaneously), one can solve for the electron temperature as

\ . 12
ree_To { %, 2qreE-uoTo]

nul VT, (3)

4
AR 346 )

However, if the gradient of the energy flux is taken into account, one can solve for the
electron temperature as

. X 12
Y =£+ 5_+—__2qr‘_E Holo —ET‘.’#—OZ -dE (5)
2 4 3k6 6 " 0 dv
It is instructive to note that 7% in equation (4) represents the electron temperature in
equilibrium with the lattice while 7.*"*in equation (5) represents electron temperature in

non-equilibrium with the lattice which is the case for submicron devices.
The temperature dependent electron temperature is related to electron and lattice
temperatures(Baccarani and Wordeman 1985) as
_He 1o
=5 T
If T. in equation (6) is replaced with 7, in equations (4) and (5). the tcmperature
dependent mobility in the equilibrium 4 and non-equilibrium **""® become

(6)

=t2 2 Lo - 12 (7)
6 I‘:’- + 55_ + gq_rf_ﬁ_‘-_# o TO
2 4 &6
e R (8)
¢, Lo 29nE kT 5 r Hog dE
4 k6 6 ° 6 dy:

2
2 Non—Eq - -
Using the fact that (2q7,E°u,T,)/(3%8)C (T5/4) and 1/(1-x)=1+x, 4™ in equation

(8) can be rearranged as
Non—Eq =FD [1_{,_9.@} TO ; 3 (9)
6 Edv)r +[ % L 24T E 1T, ]

H

where o = |22 KFetoTo
24 48

From equations (7) and (8), it is obvious that the temperature dependent mobility in
equilibrium can be modified to account for the case when electron and lattice are in non-

£
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equilibrium by modifying the low field mobility term, Ho,» in equation (7) with the effective

mobility, x5’

Ef #O adE
=214+ —-——
He' = ( Edy} (10)

As seen, the effective mobility 477 is augmented by the term which is responsible for the

non-equilibrium condition and is a function of electric field. In this work, the electric field
along the channel is given by[See (A-3) in the Appendix]
—m,

E=——— 11
2m, —m,y (h
1 1 2 1,
where m ={—[(I'_.—V y-1 (——+RJ +I, R |, my=—"2—and I, is
1 \ 2(1_ | Gy T DI ”'Co‘ﬂoE(- DL 2 aaWCO_‘-‘UO bL

the drain current without velocity overshoot(to be derived shortly).

The electric ficld in equation (11) includes several second order effects such as parasitic
drain sources resistance, vertical and horizontal mobility degradations but not velocity
overshoot which 1s the main objective of this work. The electric field along the channel
including velocity overshoot eftfect can be obtained but it requires numerical approach
making the model inefficient in term of time computation. As will be shown next, the
electric field in equation (11) results in a simple analytical expression of the drain current
which can predict the results well over a wide range of biasing conditions.

Using a piecewise model(Hoefflinger et al. 1979), the drift velocity in a low field near the
source region is given by

hon-Ey = ﬂgﬂE
! 1+(E/EL)
where E¢ is the critical electric field for velocity saturation, Vsar.

By combining equations (10), (11) and (12), one obtains

E
Non-Eg — 1 a’": 1 3
v, ﬂo[ + 2(’"1 _mz}‘) 1+(E/E(-) (13)

As seen. v °" %" in equation (13) reduces to conventional field dependent velocity model

if electron energy can be transferred to the lattice immediately (i.e., energy relaxation time
and thus « is zero.). It is also instructive to note that the electric field expression given in
equation (11) is valid only in the region where the gradual channel approximatim.'l is applied.
For device operating in the saturation region, equations (11) and (13) are valid from the
source terminal to the point where the channel potential is equal to saturation volt_age..
The drain current including parasitic drain source resistance(Rs=Rp=R) is given by
modifying the drain current in (Arora et al. 1994) as
I, =WC, [V -V -2a,V (y) ]vi (14)

where W, Coe Voo = Vs — 1R, Vi =2 + Vi "‘7:*/2%3 + Vg -0V, V(1), oand a, are the
width of the channel, gate oxide capacitance per unit arca, gate source voltage, lhreshc?]d
voltage, channel potential, drain induced barrier lowing(DIBL) factor and Taylor series

correction factor respectively. _ _
By combining equations (13) and (14), the drain current is

am, E
2(m, —my) J1+(E/E.)

(12)

I, = uWC, [Ves -V -ZaoV(y)][l+ (15)
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lgérll;egrating equation (15) over the whole channel length yields the drain current as(Dwight

( ;
1 I
2|\ Vs -V ——(V -V, -—£ 1, R} X
[ - —k3+,/4k,k2+kj | amm; [ T 2q | & T WC, u,E. >
DL — 3
2k, 4, 1 1 m, L
——-—— |-Inj 1-22
. \/ml—mzL \/ml m,
(16)

where n=WC, pto. n,=L+Vy[E., k=(2n)mR(2a,-1)-RIEQ), k=(min)(VesVr
a,Vps)Vpsand k; = (Zk:R/Vos )=(m/n. )(2aa - l) VpsR+1.

As seen, equation (16) consists of two current components: 1) the first term on the RHS
which is the drain current contributed by the conventional mobility model or the drain
current without velocity overshoot /,,, and 2) the second term on the RHS caused by the
augmented portion of velocity overshoot model in equation (13).

As the drain voltage increases, the lateral electric field at the drain terminal reaches the
critical field £~ . The drain voltage responsible for that critical electric field is saturation

voltage Fps«r and can be found using similar approach to Chaisirithavornkul and
Kasemsuwan (2000) as

Vopsar =V1;s+r+2Rlos.4r (17)

where ¥V, =(-k, + ‘fkf +nk, )/('2a0RE,_.r71). k=Vss-Vr-2a,LEc, k,=4a,REL(V s -V;)
and Ips«r is the drain current at the onset of saturation given by equation (16) with Vps

replaced by V,;,;.

For device operating in the saturation region, the validity of the gradual channel
approximation region is reduced from L to L-L,, where L, is the channel shortening due to
the channel length modulation. The drain current in this region can be found by integrating
equation (135) from the source end to the point of the saturation(L-L,,) and is given by

I = ! osar (18)

7, + MRV psur

where n, is m,f, . .

In this work, L,, is found by using quasi-two dimensional approximation and retaining the
first three terms after the Taylor series expansion of L,, in Ko (1989) as

Lm=lln[(l+z)+ A ] (19)

1E. 2(IE.)

where y =V, —V,r. ! =JegtoxX,[Eox and x represents the Taylor series expansion

correction factor. To avoid the negative value of L, and to guarantee a smooth change in Ly,
Vps in equation (19) is replaced by a smoothing function Vpsy(Klos and Kostka 2000)

ln(l +e*{"m/"mr-')]
ln(l +e’ )

1+ (20)

Vose = Vém
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The expression Vpgy in equation (20) gives Vps and V.. when Vps O Vpgur and
Vos C Vps.r tespectively. Parameter 4 in equation (20) is used to control the smoothness of
the curve.

III. RESULTS AND DISCUSSION

To venify the validity of the model, the mode! results have been compared with the
experimental data(Sai-Halasz et al. 1988). The devices were fabricated with several gate
lengths ranging from 0.07um to 0.25um with the oxide thickness of 4.5nm. Figure 1 shows
the comparison between the theoretical predictions of current voltage characteristic(solid
line), the theoretical predictions without velocity overshoot i.e., equation (16) with
7.=Ops(dash line) and the experimental data(dot)(Sai-Halasz et al. 1988). In the simulation,
an effective doping concentration (N,), low field mobility ( 4, ), energy relaxation time (z.),

saturation velocity (vy,). parasitic drain source resistance (R), smoothing factor (4) and y are
7x10"7 em™. 420 ecm*/V.s, 0.3 ps. 9x10° Vicm, 32 Q, 10 and 0.12 respectively. As seen, the
predictions show increasing differences in the drain current for larger applied drain source
voltage ¥py due to the larger channel electric field and its gradient. For the device biased at
Fgs= 0.8V and F'py= 0.6V, the drain current including velocity overshoot effect can be 29%
larger than the current without velocity overshoot. The agreements between the theoretical
predictions and the experimental data are well obtained over a wide range of applied gate and
drain voltages. Figure 2 shows the comparison between the theoretical predictions of the
device transconductance gn(solid line), theoretical predictions without velocity
overshoot(dash line) and the experimental data(dot)(Sai-Halasz et al. 1988) for different gate
lengths(0.07um-0.275um) under 300K. The device transconductance in the linear and
saturation regions can be calculated by taking derivative the drain currents in equation (16)
and equation (|8) with respect to F'sy respectively. As seen. there is a sharp increase in the
transconductrance as the channel length decreases. The difference in the transconductance
from the theoretical predictions with and without velocity overshoot is 10% for channel
length of 0.21um and can go up to 20% when the channel length goes down to 0.08um.
Reasonable agreements between the experimental data and the predictions from this model
are obtained.

V. CONCLUSION ) . _

In this paper. an analytical model for short channel MOSFET including velocity pvershoot
is presented. The model is developed based on the velocity overshoot fnodel obtained from
the solution of energy balance equation under the assumption of displaced Maxwellian
distribution. The mobility model is found to be an augmented model and all parameters
involved are physical parameters. The model also includes the effects of the mobility
degradation, channel length modulation, drain induced bamer lo\verlng(l?lBL) and parasgnc
drain source resistance. The theoretical predictions of the model are verified by comparing
its predictions with the experimental data and shown to be in good agreement over a wide

range of bias conditions.

APPENDIX
ELECTRIC FIELD EXPRESSION y
Combining equations (12) and (14) and taking into account parasitic drain source

resistance i.e., Vs =V —1,,R, yields the drain current in term of channel potential I{(y)

after some algebraic manipulation as
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fo ; 1 dV(y)
Ip =WC, p,| Ves -Vy-2a V(y)-I, | R+ 228 -
oL l: Gs ~Vr () DL( ”rﬂqumEcJ dy ] (A-1)

The channel potential ¥(y) can be obtained by integrating equation (A-1) from the source
end to any position along the channel, y, subject to boundary condition ¥( y)[ﬁ(J =1, R as

V) ={Jm +I,R—Jm —m,y (A-2)
where m, = L (Vas —¥2)-1p, _I—+R -1, R ﬁ and m o .
zaa WCo.t Ho EC o : a, FVc‘o.t Ho

Figure 3 shows channel potential along the channel of the MOS transistor with channel
length of 0.1pm. The gate and drain voltages are 4.4V and 0.7V respectively. The potential
at the source(3=0 in equation (A-2)) and the drain terminals(y=0.1um in equation (A-2)) are
0.056V and 0.644V respectively. The voltage at the source and the drain terminals are not
zero and Vps due to the voltage drop across parasitic drain and source resistances
respectively. The electric field along the channel is given by the negative of the gradient of
channel potential in equation (A-2) as
—nt,

—_— (A-3)
2\’"’: —ni,y
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FIGURE CAPTIONS
Figure 1. I-V  Charactenstic. Measured data(dot)[2], this model with velocity
overshoot(solid line) and without velocity overshoot(dash line)
Figure 2. Device Transconductance. Measured data(dot)[2], the model with velocity
overshoot(solid line) and without velocity overshoot(dash line)
Figure 3. Channel potential(¥gs= 4.4V@Vps=0.7V})
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3Volt High Frequency and Low Input Impedance CMOS Current-Mode
Precision Full-Wave Rectifier(PFWR)

Varakorn Kasemsuwan and Surachet Khucharoensin

A high performance curmrent-mode precision full-wave rectifier based on an improved
Wilson current miller is proposed. All transistors are biased at low current resulting in
small power dissipation(5.8uW). The input impedance of the circuit is very
small(236Q) and the circuit can operate at 100 MHz with only 0.21% mismatch
between input and output signal currents for an input current of +150pA.

Introduction: Precision rectifiers are one among very important circuit building blocks
for analogue and digital signal processing. conditioning and instrumentation especially
for low level signals. Applications include RMS to DC conversions and peak detectors.
Several approaches have been proposed[1-5] to build precision rectifiers.
Conventionally, precision rectifiers are based on diodes and opamps[1-2]. The rectifier
however has a problem with a high distortion during the zero crossing of the input
signal due to that the opamps have to recover during non-conduction/conduction
transition with a finite small signal d1/dt(slew rate). The rectifiers are thus limited to a
frequency performance well below the gain bandwidth product f7 of the amplifier. An
improvement of the rectitier design was to use current conveyors and diodes[3-4]. The
resulting ¢ircuits can operate at high frequency. However, the circuits are power hungry
and quite large making them unsuitable for implementing in the large-scale integrated
circuit. Recently, a high performance precision rectifier has been proposed[5]. The
circuit consists of only three transistors and are biased with low current resulting in low
total power dissipation{4.8uW). The circuit can also operate at high
frequency(100MHz). However, the input impedance of the circuit is quite high(7.2kQ-
47KkQ) posing a problem in the current-mode circuit design. In addition, the output
signal is not symmetry during positive and negative input cycle.

Proposed precision full-wave rectifier(PFWR). Fig. 1 shows the p'roposed precision
rectifier. The circuit is designed based on two precision half-wave rectifiers(M,-M;s, and
M, u-Msp) operating alternatively during positive and negative input cycle. [y and Iin» are
the input currents with the same magnitude but 180 degree out of phase. Msap are used to
biased M, ,-Ma,p on the edpe of conduction. When L, and Iz flows into node a and out
of node b respectively, M, cuts off while Msp. which is connected as a common gate,
atlows the input current .2 to flows through the load Ry. Same explanation is ap.phefi
when I,,, and I, flows out of node a and into node b respcclwel):r. As a result, the circuit
works as a full-wave rectifier. The input impedance of the circuit{node a and b) are very
low due to the negative feedback(shunt input) with in the loop Ml.a_b-Mh,h. _To
demonstrate this fact, when l,,; flows into node a, voltage at node a, V,, 1s pul'led high.
The signal V, is amplified via Mz;(common source) causing voltage at thf: drain of M,,
and at the gate of Ma, to go low. Asa result, Fhe source voltage of MJ., ls.for.ced to be
low. Straightforward circuit analysis shows the input impedance of the circuit given by
|

Rin

| P i
Emiab * Emiab * Em2abfmiabo2ab " "osab)
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Performuance of proposed precision full-wave rectifier(PFWR): To venfy the circuit
performance. HSPICE is used to simulate the proposed circuit using a standard 0.5pm
CMOS process. Fig. 2 shows input impedance of the proposed circuit(solid line) and that
by[5](dash line). As seen, our proposed circuit has relatively much lower input
impedance.  To the best of authors” knowledge, our circuit offers lowest input
impedance(236€Q2). Fig. 3 shows the comparison of the DC transfer characteristic of
proposed circuit(solid line), circuit in [5](dash line) and ideal output curve(triangle). A
sharp comer at zero crossing point and good symmetry during positive and negative input
cycle are well obtained. The mismatch obtained from the input and rectifier’s output are
0.21% for an input current of +150uA. Fig. 4 shows transient simulation of input
signal(dot). our circuit(solid line) and [5](dash line) for the input frequency of 100MHz.
The results show that our circuit gives a good symmetry for both positive and negative
input cycle at high frequency. Lastly, the total power dissipation is 5.8uW

Acknowledgement: This work 1s supported by Thailand Research Fund(TRF)(grant no.
PDF 74 2344).
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Figure captions: . .
Fig. 1 Schematic diagram of the proposed precision full-wave rectifier{ PF\WWR)

Fig. 2 Input impedance
—— proposed circuit
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Fig. 3 DC Transfer Charactenistic
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High-Speed Low Input Impedance CMOS Current Comparator
Varakorn Kasemsuwan and Surachet Khucharoensin

A simple high-speed low input impedance CMOS current comparator is proposed. The circuit uses
improved Wilson current-mirror to perform a subtraction. Negative feedback is employed to reduce
the input impedance of the circuit. HSPICE is used to verify the circuit performance with a standard
0.5um CMOS technology. Simulation results demonstrate the propagation delay of 1.02 ns, average

power consumption of 0.911 mW and input impedance of 137 Q for +0.1uA input current at the
supply voltage of 3V.

Introduction: In recent years, current-mode circuits become increasingly popular among analog
circuit designers. This is mainly attributed to higher spced, larger bandwidth and lower supply
voltage requirement compared to the voltage mode circuit counterpart. Current comparator is widely
used as a building block of analog systems including A/D converters, oscillator, VLSI neural network
and other signal processing applications. Several approaches have been proposed to implement
current comparator [1-5]. Current mirror current comparator has been firstly proposed by [1]. The
circuit consists of two cascode current mirrors. The circuit can not operate at high frequency due to
high impedance at the output node. To increase frequency of the operation and, at the same time, to
reduce the input impedance of the circuit, source follower input stage current comparator as shown in
Fig. 1a) is then proposed[2]. The input part of the circuit consists of two transistors(M, and Mj)
connected as source follower to lower the input impedance while two transistors at the output(M; and
M,) are connected as complementary common source. The circuit however shows deadband region
where the input impedance is quite high during input transition and thus limiting the speed of
operation. A biasing method using current source[3] is proposed to alleviate this deadband problem.
The circuit needs very well controlled current sources in addition to the requirement of a twin well
process as the substrate of two diode connected transistors have to be tied to their sources. The nput
and output impedances of current comparator are further reduced by using a negative feedbe_lck
approach[4-5]. The front end preamplifier circuit by[4] shown in Fig. 1b) is current source inverting
amplifier with M, operating as a resistive feedback element while the front end pre.amphﬁer circuit
by[5] shown in Fig. 1c) is a cascode current source inverting amplifier with Ms serving as a resistive
feedback element. Their circuits exhibit low input and output impedances and the delay time is less
than 1.5 ns for £0.1pA input current. _ .

Up to present, most proposed current comparators{2-5] assumed input current I, as a subtraction(or
difference) of the reference current(Irer) and the actual input current(to .be compared with Irgr). Nc?ne
of them shows the circuit that performs such subtraction. It s .instruclwe to note that _the subtract_lon
circuit is also part of the current comparator and therefore previously reponqd §mf1ulatlon results, Le.,
power dissipation, speed of operation and power delay product, are too optimistic as the subtraction
circuit also consumes certain amount of power and exhibits certain delay time.

In this paper, a simple high speed and low input impedance C MOS current corn_parator.ls_proposed.
The circuit employs an improved Wilson current miller which serves two duties; 1) it is used to
perform a current subtraction between the actual input currr;nt Iin at'md the reference_ cgnent(lREF) and
2) it is used to reduce an input impedance of the circuit via negatlve feedback within an improved
Wilson current mirror itself. HSPICE is used to verify the circuit performance and tht? results show
the propagation delay of 1.02 nsec with an average power dissipation of 0.911 mW using a standard
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0.5um CMOS technology for an input current of +0.1pA at the supply voltage of 3V. The input
impedance of the circuit is 137 Q.

Circuit Description: Fig. 2 shows the proposed current comparator circuit. M,;-M; are connected as
an improved Wilson current mirror and M;s is a diode connected load. My .3 and Mg 3 are three
resistive load amplifiers(Mp,.,3 operating in the linear region) and are used to amplify the voltage
signal at node ¢. Mna.ns and Mpy.ps are two CMOS inverters and used to amplify the signal for rail to
rail operation at the output. Iggr is referred to the reference current to be compared with the input
current ;. The operation of the circuit can be explained as follows: The reference current Irgr flows
to M; making the drain current of M, and M; equal to Izgr provided that M; and M, have the same
aspect ratio. The output current(drain current of M,) is then the subtraction between the reference
current Irer and the input current Ii,. [f the input current I, is increased and greater than the reference
current Irer, the output current Io decreases pulling up the voltage at node c. The same situation is
applied when input current I,, is decreased and less than the reference current Iger, the voltage at node
¢ 1s pulled down. The signal at node ¢ is amplified by three resistive load common sources (Mgq.n3
and M;.p3) and two CMOS inverters(Ms.ns and Mpy.ps) for rail to rail operation.

The input impedance of the circuit at node b is low due to the negative feedback(shunt input)
within the loop on an improved Wilson current mirror consisting of M;-M,. To demonstrate this fact,
when [, flows into node b, voltage at node b{(Vy) is pulled high. The signal V, is amplified via
M;(common source) causing voltage at the drain of M, and at the gate of M; to go low. As a result,
the source voltage of M, is forced to be low. Straightforward circuit analysis shows the input
impedance of the circuit given by

R, = S (1

i ; + +g g (r,/r.)
m2 ¥ Epa ml®md ol  ‘oi

where g_ is the transconductance of MOS transistor, ro; is drain-source resistance of transistor M,
and r,; is output impedance of the biasing current source Igias. It can be easily shown that if g, of
M, -M, are of the same value, Eq.(1) can be reduced to

R, = — )
g;n(rol " ro:')

Experimental Results: To verify the circuit performance, HSPICE is used to simulate tht_e proposed
circuit using a standard 0.5um CMOS process with 3V supply voltage. Bias current Ipas ls_set -to 20
pA while the reference current Iggr is 20 pA. The transistor dimensions of the proposgd circuit are
summarized in Table 1. It is instructive to note that the conventional input current used in [2]. [_4—5] is
the difference between the actual input current and the referenc.e cgrrem. -ThlS current is in fact
equivalent to the drain current of transistor My of our proposed circuit(see Fig. 2). To compare our
circuit performance with others[2],[4-5], the input current, when referred to, means the d!'am current
of M, and, in addition, transistor dimensions are chosen to be comparable.wnh ours. _Flg. 3 shows
transient response of the input current signal (solid line) and output voltage signal (dash line) fron_l our
circuit. The input current is +0.1pA square wave at the frequenc-y of 25 MHz. The. output signal
shows rail to rail operation (0V-3V) with a propagation dfelay time of 1.02-ns. Fig. 4 shows a
comparison of an average delay time as a function of the mput current ranging from ir.0.0l_uA Fo
+10pA for current comparator by [2](dot), [4](square), [S](triangle) and our propo-sed c:;cuxt(sohd
line). It is noted that we use the same standard 0.5pm CMOS technology during simulation for all
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current comparators. From Fig. 4, it can be seen that for low input current, the delay time of the
proposed comparator is much lower than that of {2] and is comparable with those of [4] and [5].
However, the delay time of all comparators become comparable when the input current increases up
to 10puA. This is attributed to the fact that the delay time is mainly determined by the rail to rail
amplifiers for high input current. Fig. 5 shows a comparison of power consumption as a function of
the input current in the same range of Fig. 4 for current comparator by [2](dot), [4](square),
[S](triangle) and our proposed circuit(solid line). Although the power consumption of our circuit is
comparable with those in [5] but more than those in [2] and [4], it is instructive to note that the power
consumption of the circuit by [2] and [4-5] exclude the power consumption taken by the subtraction
circuit which is also part of the current comparator. In addition, the input impedance of our proposed
circuit is much lower for the same input current. Fig. 6 shows a comparison of input impedance for
current comparator by [2](dot). [4](square), [S](tnangle) and our proposed circuit(solid line). As seen,
the input impedance of our proposed circuit is smaller with an order of magnitude. For example, our
circuit shows input impedance ot 137  at 0.1pA while the input impedance are found to be 36.8 kQ
in [2]. 12 kQ in [4] and 5 kQ in[5]. To the best of authors’ knowledge, our circuit gives lowest input
impedance for the same biasing current. Fig. 7 shows, a comparison of power delay product for
current comparator by [2](dot). [4](square), [S](triangle) and our proposed circuit(solid line). As seen,
our power delay product is superior to [2] and comparable to [4-5]. Again, the power consumption
and the delay of [2] and [4-5] as shown in Fig. 6 assume zero power consumption and zero delay for
the subtraction circuit which is not truc. For a fair comparison, this additional power consumption
and delay are to be included. We have implemented a simple current subtraction circuit and found the
power consumption of 60 uW for biasing current of 10nA. By assuming the delay of the subtraction
circuit is negligible, the power delay products of circuit by [2], [4], [S] and our circuit are 4.987plJ,
1.097pJ, 0.9307pJ and 0.9278plJ respectively.

Conclusions: A simple high-speed and low input impedance CMOS current comparator is proposed.
The circuit employs an improved Wilson current miller to perform a current subtraction between the
input current I, and the reference current Irgr. Negative feedback has been employed to rc_educe Fhe
input impedance of the circuit. HSPICE is used to verify the circuit performance. The sxmul_atlon
results show the propagation delay of 1.02 ns, an average power dissipation of 0.911 mW and input
impedance of 137 Q using a standard 0.5um CMOS technology for an input current of +0.1uA at the
supply voltage of 3V.
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Figure captions:

Fig. 1 Current Comparator by 1a) H. Triff [2], 1b) B.M. Min, et al.[4] and 1¢) L. Chen, et al.[5]
Fig. 2 Schematic diagram of proposed circuit.

Fig. 3 Transient response of the proposed circuit.

Fig. 4 Delay time versus input current.

Fig. 5 Power consumption versus input current.

Fig. 6 Input impedance versus input current.

Fig. 7 Power delay product versus input current

Table caption:
Table 1 Transistor’s geometrical dimensions
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Table 1
Device W (um) L (pm)
Mpias 8 2
M|-M4 2 0.5
M; 05 0.6
Mn|-Mn5 05 05
Mps-Mps 24 0.5




