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Abstract—Variable delay elements are often used to manipulate
the rising or falling edges of the clock or any other signal in inte-
grated circuits (ICs). Delay elements are also used in delay locked
loops (DLLs). Although, a few types of digitally controlled delay el- v A
ements have been proposed, an analytical expression for the delay ctrl O
of these circuits has not been reported. In this paper, we propose a
new delay element architecture and develop an analytical equation M2
for the output voltage and an empirical relation for the delay of the %
circuit. The proposed circuit exhibits improved delay characteris-
tics over previously reported digitally controlled delay elements.

In Out

Index Terms—Analysis, delay, design, digital CMOS, locked- Fi9- 1. Shunt capacitor delay element.

loop, test.
A
I. INTRODUCTION I
ARIABLE DELAY elements have many applications in M2 5,_‘ V6
VLSI circuits. They are extensively used in digital delay
locked loops (DLLs) [1], phase locked loops (PLLs) [2], [3],
digitally controlled oscillators (DCOs) [4], [5], and micropro- M5 M8
cessor and memory circuits [6], [7]. In all these circuits, the In Out
variable delay element is one of the key building blocks. Its
precision directly affects the overall performance of the circuit. M4 M7
Moyer extended the scope of delay elements by constructing
a system to achieve precise vernier delay patterns [8]. As the V,y 0—e— [ M1 l_‘ W3
operational frequency of digital circuits is increased, the debug- H

ging and testing of these circuits is becoming ever more chal-
lenging. Recently, some techniques have been proposed that l
allow testing of high-frequency circuits using slow automatic
test equipment (ATE) [9], [10]. In these methods, a precisefyy. 2. Current starved delay element.
delayed clock is generated using delay elements.

There are several different methods for implementing a delgjscrepancy between the two is found to be less than 10%. Fur-
element. Each of these methods has its advantages and df[ﬂ‘élrmore, an empirica] model for the proposed DCDE is intro-
backs. In this paper, we propose and analyze a digitally cafliiced and a design procedure is outlined. In the subsequent sec-
trolled delay element and compare it with two existing delayon, the proposed DCDE is compared with other two DCDEs

elements. The proposed circuit exhibits improved controllabigscussed in Section I11. Finally, in Section VI, conclusions are
delay characteristics over the existing delay elements. It demefawn.

strates a monotonic delay behavior with respect to the digital
input vector and eXhibitS IOWer‘temperatUre SenSitiVity making 1. VARIABLE DELAY ELEMENTS: DESIGN TECHN|QUES

it suitable for high-precision applications. _ L .
This article is organized as follows: In Section 11, a brief re- 1here are three popular techniques for designing a variable

view of various approaches for delay elements is provided. #§/2y €lement. These are known as: shunt capacitor technique,
Section 111, we discuss two of the commonly used digitally corfUTent starved technique, and variable resistor technique.
trolled delay elements (DCDE) and highlight the shortcomings F19: 1 Shows the basic circuit of using a shunt capacitor. In
of these approaches. In Section IV, we propose a new DC S u_rcun, M2_acts as a capacitor. Transistor M1 controls the
circuit. A detailed analysis of the circuit is also provided. ThgNarging and discharging current to the M2 from taR gate.

simulated results are compared with the analytical results. THe€ M1 gate voltagél.,i, controls the (dis)charge current. As
a consequence, theor gate delay can be controlled. An inter-

_ _ _ ested reader is referred to [2] for further details.

Manuscript received January 24, 2002; revised July 1,2002. ~ Fjg 2 jllustrates the basic building block of a current starved
The authors are with the Electrical and Computer Engineering, University 8f . L .
Waterloo, Waterloo, ON N2L 3G1, Canada. elay element. As can be seen in this f|gure, t.here are two in-

Digital Object Identifier 10.1109/TVLSI.2003.810787 verters between input and output of this circuit. The charging
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Fig. 3. Digitally controlled delay element.

and discharging currents of the output capacitance of the firs
inverter, composed of M4 and M5, are controlled by two MOS M2 M4
transistors, M3 and M6. Charging and discharging currents de |, Out
pend on the gate voltage of M6 and M3 transistors, respectively
M1 and M2 constitute a current mirror for controlling the gate M1 M3
voltage of M6. In this delay element, both the rising and falling = .
n Mi, —EMIm
| I T I
| 1 I

edges of the input signal can be controlled. If in a given appli-
cation only the control of rising (falling) edge is required, then
Vi1 may directly be applied to M3 (M6). The second stage in-

verter (composed of M7 and M8) is for improving the rise and Variable
fall imes of the circuit. Sometimes, multiple cascaded invertersinput Resistor
are used for this purpose. ector NMOS

| I I
In both of the above techniques, a continuous voltage is use: - Stack
to control the delay. In some applications, we need a delay LMy A0 M, AL Mo,
which can be controlled digitally [2], [4], [9]. The current + L = )

starved circuit can be modified for this purpose. Fig. 3 shows

a Curre.n.t Sta.‘rved DCDE [3], [4]. As Can_ be Seen_’ by applyir}gg_ 4. Delay element using variable resistor.

a specific binary vector to the controlling transistord,,

My, ... My, Mp1, ...), a combination of transistors are . ) ) o )

turned on at the sources of the M1 and M2 transistors. Sue@ttern. This can further be explained by Fig. 5. This figure il-

an arrangement, controls the rise and fall times (and henbstrates a specific arrangement of DCDE of Fig. 3 and asso-

the delay) of the output voltage of the first inverter. THe/Z, ~Ciated HSpice simulation results. In Fig. 5(a), a digitally con-

ratios of the controlling transistors are usually chosen inteplled current starved delay element with two transistors con-

binary fashion so as to achieve binary, incremental deldyected to the source of M1 is shown. TH& L ratios of these

Unfortunately, as it will become apparent in the followindgwo transistors are chosen @8//L),, = 0.5/5 (=0.1) and

sections, neither the binary, nor any other way of weighing c&W/L)s,, = 0.5/6 (=0.083). The output voltage waveform of

make a linear, monotonic relationship between the input vectbis circuit for three different input vectors is shown in Fig. 5(b).

and the output delay. It is worth noting that with two transistors, we can get at most
Another technique for implementing a DCDE is illustrated ithree different delays because at any time at least one transistor

Fig. 4. In this circuit, a variable resistor is used to control theust be ON at the source of M1. Furthermore, it should be men-

delay [6]. A stack of n rows by m columns of nMOS transistorgoned that the transistor length, instead of transistor width,

is used to make a variable resistor. This resistor subsequenily is used to control th&// L ratio. This is because we cannot

controls the delay of M1. In the circuit of Fig. 4, only the risingotherwise realize a smdi’/ L ratio of a transistor which gives
edge of the output can be changed with the input vector. Anothgy the desired delay.

stack of pMOS transistors can be used at the source of the pMOne ysually expects to have a longer circuit delay for a

transistor, M2, to have control over the falling edge delay.  smajler/L ratio of controlling transitor(s) (i.e,.1). This

is not necessarily true for this kind of delay element. As can

be seen in Fig. 5(b), the delay of the circuit fiéf/L = 0.1

(td = 467 ps) is larger than the delay faV/L = 0.083
One of the major problems with existing DCDE architecturé{d = 385 ps). In such circuit configurations, the circuit delay

is the nonmonotonic delay behavior with ascending binary inpistinfluenced by two factors.

I1l. DRAWBACKS OF DCDEs
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Fig. 6. Output voltage of the first stage of the circuit in Fig. 5(a).
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1) The resistance of the controlling transistor: by infig. 7. Effectof channel length of MnO on delay.
creasing/decreasing the effective ON resistance of the

controlling transistor(s) at the source of M1, the circuiﬁegion andCy,1 ot (Cano, o) is the total capacitance between
delay can be increased/decreased. drain of M,,; (M,,) and ground whed/,,; (M,,,) is OFF. On
2) The capacitance of the controlling transistor: as the effecti¥ge other hand, when onlyZ,,; is ON, the capacitanc€, =
capacitance at the source of M1 increases the charge sha('u;}gmOff + Cyn1,1in IS at the source of M1. Clearly;; # O,
effect causes the output capacitance to be discharged fagsausels,,, and M,,; have different sizes. Therefore, when
and the overall delay of the circuit decreases. only M,,; (with smalleri¥/L) is ON, the effective capacitance

Therefore, by decreasing th&/ L ratio of controlling tran- seen by the source of M1 is larger compared to the case when
sistor(s), it is not apparent whether the delay will be increasedly M,,, is ON. This fact is further illustrated by simulation
or decreased. The effective capacitance seen at the source ofrlilts. The voltage at the source of M1 falls lower when only
depends on which controlling transistor(s) is/are on. This is dug,, is ON than compared to the voltage when oMy is ON.
to the fact that the ON and OFF capacitances between drain ame situation is further complicated as the number of controlling
ground of a MOSFET are different. As a consequence, it is ditansistors is increased. It becomes very difficult to predict the
ficult to predict the circuit delay for a given input vector. circuit delay for a given input vector.

Fig. 6 further illustrates the impact of the effective capac- The determination of¥//L ratio of a controlling transistor
itance at the source of M1. The figure shows the node Oubecomes an issue. Fig. 7 depicts the simulated circuit delay as a
voltage for three different configurations of controlling transisunction of M,,o channel length whehZ,,; is OFF. In this figure
tors. As can be seen from the figure, as M1 turns on, the Outie W of M,,q is kept constant (0.am) while L is changed. As
node immediately charge shares with the effective capacitarmam be seen, increasidgup to approximately 3.2m causes
at the source of M1. The subsequent fall of this intermediatiee delay to increase as expected. However, further increasing
nodal voltage is controlled by the effective ON resistance @f beyond 3.2um decreases the delay, which is in contrast to
the controlling transistors. The amount of voltage drop due tehat one would expect. As a result, one may have more than
charge sharing is different for the two cases whidyy, is ON one transistor length for a given circuit delay.
or M, is ON. When onlyM,,q is ON, the effective capaci- The DCDE architecture shown in Fig. 4 has drawbacks sim-
tance at the source of M1 is equal@@ = Cgy0,1in + Can1,0#  ilar to the DCDE shown in Fig. 3. In this kind of circuit, at any
whereCano, 1in (Can1, 1in) is the total capacitance between draitime, at least one transistor should be ON in each of the rows.
of M,y (M,) and ground when,,, (M,,) is in the linear Hence, with six transistors in two rows, there are at most nine
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Fig. 8. The proposed delay element.

different resistance combinations. The delay prediction in this Vg

structure for a given input vector is even more complicated than

the current starved DCDEs. Besides changing the equivalent re- /

sistance, a change in input vector causes a change in the effec-

tive capacitance seen at the source of M1 and other intermediate

nodes in the NMOS stack. Saint Laurent and Swaminathan [6] In

designed a programmable delay element with two rows and four [

columns. Their results show the unpredictable nature of the cir- M8

cuit delays and they realized desirable circuit delays through a

complicated method of optimal coding. M6 M7
The problem of finding théV/ L ratios of the transistors in

both of the above mentioned methods is difficult. The result of + *

any change i¥/L parameter can not be estimated and the B

circuit shoulq be simulated for every change in_Wg!L: To Fig. 9. Part of the proposed delay element.

overcome this problem we propose a new configuration for a

DCDE in the following section. In this circuit, finding tH&/ L

ratios of the transistors is straightforward and determining t

input vector for a specific delay is simpler than the methods Fig. 9 shows part of the delay element. In order to have a

\Y

ol

Out

hA‘e' Mathematical Model of the Proposed Delay Element

mentioned above. better controllability, thé¥/ L ratio of transistor M8 should be
much bigger than that of M7. In such an arrangement the current
IV. THE PROPOSEDDCDE is controlled by M7.

) . o In order to find a relationship betweéf (the gate voltage of
Fig. 8 ghow; th_e architecture of the proposed circuit. As C&nsistor M7 and/or M6), and the delay of the circuif)( we
be seen in this figure, a current starved buffer, M7-M11, 4,4 calculate the current passing through transistor M7. Once
the main element. The controlling current through this buffgfis cyrrent is known, one can find the output voltage. Tran-
is controlled by a current mirror circuit composed of transisto§ssor \7 is a relatively small transistor with a channel length of
M6-M7. An appropriate current through M7 can be adjusted by 1g,,m_ 1t shows a velocity saturated behavior for gate voltages

turning-on transistors M1-M4, while transistor M5 is alwayg,ore than about 0.65 V. Hence, we can consider the following

on. . . _ for the drain current of this transistor:
At the instance when M8 turns on, the capacitor at its output

node starts to discharge. The discharging current is controlled g = ki W (Vy, = Vo) (1 + A Vpsr). 1)
by transistor M7 acting as a current source. The passing cur- 2L7

rent through this transistor is .determi'ned by thg gate voltage ofgquation (1) is valid as long as the transistor is in the satura-
M6. The gate voltage of M6, in turn, is determined by the CUfion region. This is true for most of the transition time because
rent passing thrpugh its drain. pMOStranS|§tors M1-M5 contrgle gate voltage of M7 is not much bigger than its threshold
the current flowing through M6 nMOS transistor. Therefore, thg,tage. Moreover, we assume that the voltage drop across M8
overall delay of this circuit is digitally controlled by M1 to M4. ;¢ very small so thaVps7 ~ V,;. The output voltagel(,;) can
TheW/ L ratio of transistors M5 can be designed for maximurge found from the following equations:

delay of the circuit. The input vector for a specific delay is ap-

. . . . _ d‘/o k‘nW
plied to the gates of M1 to Mda( b, c, d). In this circuit, de —Op 2ot TV, = Ve) 1+ AMVpst) (2
pending on the input vector, one may realize 16 different delay dt 2L7

settings. In Section IV-A we provide an analytical delay model dVi,

for this circuit. -Cr T K1+ K1 A7V 3
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950

whereC; represents the overall capacitance at nggeand
ke W 850 — — — Empirical model |
Ky = 2L~ (Vo = Virr). ———— Simulation
—~ 750 : . -
Solving the above differential equation with initial condition & ww=ee-e-e-+ Analytical model
of V,1 = Vyq att = 0 results to the following fo¥/,; & 6%
(]
©
Vor = (Vag + 1/A7)e™ ™ —1/); @) = 550
[&]
wherer; = Cp1/(K1A7). At t = t4; (inverter delay fromin O 4501
to Vol) Vo1 = Vdd/z. Hence as0l
14+ M7V,
tgr = m1Ln M (5) 250 - : -
L+ A7Vaa/2 580 630 680 730 780
To compute the circuit delay of this delay element, we should Gate voltage (mV)

find V,2 as a function of time. At the instance when the input _ , _

voltage Mn) goes high V,, starts to fall and M10 starts to Flg;j :LIO. (IjDeIay of tlhe p(;olposed delay element from simulation, analytical
! . model, and empirical model.

turn off. WhenV,; becomes less thaW;; — |Vr11|, transistor P

M11 starts to conduct while transistor M10 starts to turn O‘T'or M10 so as to make the direct path current negligible. The

Hence, for a period of time, both M10 and M11 transistors A or between simulated and the analytical modeMpt> 0.6

on. meg to the current starved nature of the f|r§t inverter, “V! is found to be less than 10%. This error becomes largéy, as
fall time of V,; is not very small. Therefore, the direct curren{

. . . . Is reduced because the analytical model is developed assumin
passing through transistors M10 and M11 is not negligible. It Y P g

) . . is velocity saturated [see(1)]. This assumption requires
necessary _to consider the curr_ent n bqth of these two t_ran5|st%§> 0.65V. In most practical applications this assumption is
in order to findV,,. However, this complicates the equations ang

. . cceptable.
defeats the purpose of a simple analytical model. We assume
that the direct path current is negligible and can be ignored @) Empirical Equations for the Proposed Variable Delay
these calculations. Moreover, ignoring the channel length mggkement

ulation effect of M1, we can write . . . . :
" In spite of ignoring the direct path current in M10/M11, and

iy — kW11 (Vyei1 = Vin)? ©6) channel length modulation effect in transistor M11, (9) is too
2L, 7 complicated to be used as a means for delay element circuit de-
and sign. Therefore, in this section, we introduce an empirical for-
ig1 =Cp, dVoo . @) mula for the circuit delay of the proposed DCDE.
dt By curve fitting, a simple equation is found for the proposed
The initial condition for the above differential equatioiis = delay element. That is
0 att = 0. We can substitut&;;; in the above equation by A
Vaa — Vo1 (t +t,) wheret,, is the time wher¥,,; reached/;, — tq = AR (10)
|VT11| that is g !
whereA; andV; are constants. This equation illustrates the re-
t, = mLn 1+ A7V ) (8) lationship betweer;, andt, of the delay element. ThE,, in
1+ A7(Vaa = [Vrual) turn, is a function of the current passing througl. The drain
Combining (6)—(8) and solving the resulting equatibi, can current ofMj is the sum of the drain currents of all the pMOS
be found as the following: transistors {4, throughf;). Since,M; is working in satura-

tion, V, can be found from the following:

t 1
o 2 v —t/T1 _ © =2t/ _ 1 &

Voo = K3 K57 <T1 + 2e 5 e 1.o> 9) V, = Vst AV (11)

where wherel, and A, are constants and depend on NIBis actually
1 the threshold voltage of M6 andl, is the inverse of the root of
Ky =Vaa + pe [Vl its transconductance M6. In (11), the curréin be calculated

K3 =k,W11/2L11C from
3 =kpWW11 14r. _ _
I =1Iy+ Lia+ b+ I+ I4d. (12)

From (9) the delay time of the circuit can be computed.
Fig. 10 plots the circuit delay as a function of gate voltadgg ( The coefficientdy, Iy, I, Is andI, depend oW/ L ratio of
In this figure, the simulated data of the circuit shown in Fig. 8he pMOS transistors. All the parameters in the above formulas
is compared with the analytical model as well as with a simptan be found by simulating the circuit for five different input
empirical model. This empirical model is discussed in Sewectors ¢bcd = 1111, 0111, 1011, 1101, 1110). Once all the
tion IV-B . In this simulation/ L ratio of 0.18/10 is selected above parameters are known from simulation, the circuit delay
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TABLE |
EMPIRICAL MODEL PARAMETER VALUES
Vi Vo Vs Vy Vs Parameter
1111 | 1110 | 1101 | 1011 | 0111 Value
To * 23uA <
T * SuA Y
Iz * 10pA %
I3 * 19uA =
Ta * 3944 2
Ay * * 50.9ps.V?2
A * * 37.03%
Vi * * 344.5mV
Va * * 416.4mV
for any input vector can be found from (10)—(12). Simulation c. Time (ns)
a small number of input vectors (five out of 16) is sufficient to ()

determine the constants in above mentioned equations. Fig. "~ soo ——
also plots the circuit delay obtained by the empirical model wit
reasonable success. The values of the parameters in the err
ical model which are used for the delays of Fig. 10 are shov oo |- .
in Table 1. In this table, it is also shown that which vectors ar _
used for the extraction of each parameter. fé’

In the case of eight controlling bits, we need to perform onl Z 400 |-
nine simulations out of a total of 256 possible cases. Hence, tlg
method has small computational complexity.

Fig. 11(a) shows the simulated output voltage of the circu 200 |- 1
for all the possible input vector( b, ¢, d) combinations. Sim-
ilarly, Fig. 11(b) illustrates the delay behavior with respect t
input vectors. These simulation results show a monotonic circi 0

700 |- 1

500 |-

100 |-

rising delay behavior. The circuit falling delay remains the san Se€s8gczcctczczeeese Tt
in all input vector combinations. However, similar to the rising Input Vector
circuit delay, the falling circuit delay can also be controlled by ®)

adding additional transistors.
Fig. 11. The transient response of the proposed delay element for all the input

C. Design Procedure vector combinations. (a) Output waveforms. (b) Delay versus input vector.

In this section, we outline the design procedure of the Pra) After sizing M5, place one pMOS transistor (e.g., MO) in
posed DCDE. As will be seen, the design of the proposed delay parallel to M5 and size it to obtain the minimum required
element is more straightforward compared to the commonly ge|ay.

used architectures. In order to find the design steps, first w§§ Now MO should be broken intdV transistors, U, to

should examine the effect &/ L ratios of the pMOS control- M, ), in a binary fashion. That is

ling transistors on the circuit delay. Fig. 12(a) shows the effect ,

of W/ L ratio of M5 on the circuit delay while M1-M4 are kept <E> ot (E) (13)
constant. As can be seen, M5 mainly affects the maximum delay L), 2N 1\ L Mo

of the circuit. In Fig. 12(b), théV/L ratio of M5 is kept con- )

stant and that of M1-M4 are changed. Clearly, these transistorsfor ¢ = 1, 2, ..., N-_ ) o

have no effect on the maximum delay while they affect the mir2) The delay of the circuit for all the possible input vector
imum delay of the circuit. Based on observations of Fig. 12, the combinations can be obtained from (10)—(12). If we need

following steps can be considered as general guidelines for tran- & higher resolution for the circuit delay, we should increase
sistor sizing of the proposed DCDE (Fig. 8). N and repeat steps 5) and 6) to reach the desired resolution.

1) The size of transistors M8 to M11 are basically determined
by the load capacitance. Transistor M7 should be much
smaller than M8 such that the discharging current be In order to compare the proposed delay element with the two
controlled by M7. M6 can be the same size as M7. other architectures discussed, we simulated these three delay el-

2) The number of pMOS controlling transistorg)can be ob- ements. Th&V/ L ratios of the transistors of all three circuits are
tained from the number of different delays:Y one may chosen to get an approximately equal delay. Fig. 13 shows the
want to get from the delay element such that= 2V. output of the three different delay elements. In this figure, the
Moreover, the circuit must contain one more pMOS tramise time, delay time, and the average power consumption of the
sistor (M5) which is always on. three delay elements are also shown. Another important perfor-

3) Place M5 and size it to get the maximum delay. mance parameter of a delay element is the effect of temperature

V. COMPARISON OF THETHREE DELAY ELEMENTS
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800 1.8 \/ariabtle_rgggstor DE
WIL Ratio of M1 to M5 _ 147293 pe
700 - < 1471 P, =77 uW
M1 | M2 | M3 | M4 | M5 o
*10.5/4| 1/4 | 2/4 | 4/4 [0.5/0.8 & 1.0} current starved DE
600 |- = t,=215 ps K4
B 1054 1/4 | 2/4 | 4/4 |0.5/0.5 S t4=298 ps /,
~ 0.5/4| 1/4 | 2/4 | 44 5 06 FaTeouy 2
) 500 |- o Proposed DE
S S e
= o 02} PO 211w
> 400 -
% -0.2 L
a 30} 0 200 400 600
Time (ps)
200 |- ) .
Fig. 13. The output of the three different delay elements.
100 |-
TABLE I
0 . S T T T T SO S N N . EFFECT OFTEMPERATURE ON THETHREE DELAY ELEMENTS
O ™ 0o ™ O « O O v O v O «w O
S8c5scgorrfses8sosceoct [7=25 (°) [ T=75 (°0) [ % of change
© © 0 ©0 0 ©0 v v - - - v« Current starved DE 298 (ps) 336 (ps) 12.8Y
|npUt Vector Variable resistor DE 293 (ps) 327 (ps) 11.6Y
Proposed DE 312 (ps) 323 (ps) 3.5Y%

@)

136 uW, and 75uW, respectively. In many applications such
as battery operated systems, this can be restrictive. However,
with a clever design, the static component may be minimized.
Furthermore, as the operational frequency increases, the static
power consumption component becomes less important.

m The proposed circuit exhibits some interesting characteris-
g tics. The static power consumption of the circuit can be opti-
z mized independent of its delay behavior. In order to reduce the
) static power, the currertin Fig. 9 must be reduced. This can
0 WIL Ratio of M1 be achieved by scaling down th&/ L ratios of transistors M1
M2 I m3 |l mal ws to M6. The key issue in such an exercise is to kégpcon-
2001 "ulo 51611116 | 2116 | 416 |0.5/0.8 stant. In order to examine the effectiveness of this method, we
mi0568| 18 | 28 | 4/8 |0.5/0.8 scaled down théV’/ L ratio of M1-M6 transistors by half. The
100015 05/4| 1/4 | 214 | 414 05/0.8 resulting circuit was simulated and found to be consuming 112
ol v #W of power while its delay remained unchanged. However, it
O - O r Q- Or O O« O« O « should be mentioned that as the curréig reduced, it becomes
O O v v O 0O v« v 0 O v v O O v + . . .
2993989855 ee -zt more susceptible to interference. Therefore, there is a tradeoff
Input Vector between power consumption and noise immunity of the circuit.
®) VI. CONCLUSION

Fig. 12. The proposed circuit delay versus input vector for three different

W/ L ratios of pMOS transistors (M1—M5) In this paper we proposed a new architecture for a digitally

programmable delay element. The proposed circuit is compared

with two other architectures. It is shown that the existing archi-
variations. The stability of a delay element is very importagéctures make it difficult to find the optima’/L ratios of the
because in most applications we need a very precise and staRifisistors and predict the input vector for a given delay. The
delay. We have simulated the three circuits in two different tefgroposed circuit is analyzed to find a mathematical formula for
peratures and the results are shown in Table Il. As can be se@@. output voltage and ultimately the circuit delay. Moreover,
the proposed circuit has the least sensitivity to temperature vajfimple empirical equations for finding the delay of the circuit
ations. This is because part of the variations in the characterisigs investigated. These equations can determine the delay of the
of transistors M1 to M5 is cancelled out by the same variatifircuit with an error of less than 6%. The main advantage of
in transistor M6 and M7. the proposed delay element is that finding the input vector for

The proposed delay element consumes substantially highespecific delay is straightforward compared to the two other

power compared to the other two architectures. Unlike previoD&CDEs. Furthermore, the delay behavior is monotonic. The
architectures, the proposed circuit has the static power cgmeposed DCDE also exhibits improved temperature sensitivity.
sumption. This circuit consumes a total power of 20 at This characteristic may be exploited in high-precision applica-
400 MHz. The static and dynamic power components constitutens.
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The proposed DCDE has some shortcomings. This circuitio] V. D. Agrawal and T. J. Charkraborty, “High-performance circuit
consumes finite amount of static power. However, this power  testing with slow-speed testers,” Froc. IEEE Int. Test Conf1995,

component may be minimized with clever design techniques.

pp. 302-310.

For some applications, such as delay fault testing at low fre-
guencies [9] this may be acceptable.
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