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Abstract— Digitally controlled delay line is a digital cirewit
used to provide the desired delays. Glitches are the most
considerable Tactor that limits the wse of DCDL in many
applications such as DLL and clock generators. The NAND-
Based circuit eliminates the glitches. The recently proposed
NAND-based digitally controlled delay-lines (DCIIL) present a
glitching problem which may limit their emplov in many
applications. This paper presents a glitch-free NAND-based
DCDIL which overcame this limitation by opening the employ of
MNAND-based DCDLs in a wide range of applications .The
proposed NAND-based DCIDL maintains the same resolution and
minimum delay of previously proposed NAND-based DCDL.
Simulation resulis show that novel cireunits result in the lowest
resolution, with a little worsening of the minimum delay with
respect o the previously proposed DCDL with the lowesi delay.

Keywords: Digitally controlled delay lines (DCDL) All-digital
delay-focked loop (ADDLL), all-digital phase-locked Toop (ADPLL),
delay-line, digitally controfled oscillator (DCQ), spread-specirim
clock penerator (S5CG).

L INTRODUCTION

Diigital circuits are casy to handle compared o analog cireuits
and also digital circuits requires low power. Time-domain
resolution of a digital signal is superior to voltage resolution
of analog signals. DCDL is most important factor in the
applications like PLL, ADDLL and ultra wide band receivers,
In Recent deep-zub micrometer CMOS processes, time-
domain resolution of a digital signal is becoming higher than
voltage resolution of analog signals, This claim is now a days
pushmg toward a new cirent design paradigm m which the
traditional analog signal processing 1s expected to be
progressively substiated by the processing of times in the
digital domain  With in this novel paradigm, digially
controlled delay lines (DCDL) should play the role of digital-
to-analog converters in raditional, analog-intensive, circuits,
From a more practical pomt of view, nowadays, DCDLs are a
key block in a number of applications, like all-digital PLL
(ADPLL), all-digital DLL (ADDLL), all digital spread-
spectrum  clock generators (SSCGs), and ultra-wide band
(U'WB) receivers.

The “classical” approach to design a TI'DL is using a delay-
cells chain and a MUX to select the desired cell output. Tn
these mux-hased DCDLs, if the number of cells increases then
the ML delay also increases. To obtain the good linearity

and resolution the delay elements are constructed by using
MAND gales. The DCDL proposed is based on a cascade of
equal delay elements.

Glitching is a commaon design problem in systems employing
DCDLs. In the most common applications, DCDLs are
employed to process clock signals, therefore a glitch-free
operation is required. A necessary condition to avoid glitching
15 designing a DCDL which have no-glitch in presence of a
delay control-code switching. This 1s an 1ssue at the DCDL
design level. Many approaches are known to avoid glitching in
mux-based DCDLs. I8 mteresimg to observe that the DCDL
topologies from a logical point of view, correspond to
distributed MUX-based structure. This paper gives twao
comtributions to the design of NAND-based DCDLs. First it 1s
shown and analyred the ghitching problem of the NAND-
based DCDL, Afterwards a novel glitch-free NAND-based
DCDL is presented. The proposed NAND-based DCDIL
allows to achieve a rezolution tx=2. txann

The paper is organized as follows, The NAND-based DCTDL
is recalled in Section I In the same section the glitching
problem of this DCTIL is analyzed. The structure of proposed.
glitch-fiee, NAND-based DCDL is presented in Section T,
Section IV analyzes theoretically the novel DCDL structure by
deriving the conditions (timing constraints) needed to avoid
glitching in proposed circuir,

I1. PREVIOUSLY PROPOSED NAND-BASED DCDL AND
GLITCHING

FIG HakGlitching when the delay control-code increases by one

Fig. lia) shows the WAND-bascd DCDL. The circuit is
composed by a series of equal delay-elements (IDE), each
composed by four MAND gates. In the figure “A” denotes the
fast input of each NAND gate. Gates marked with D" are
dummy cells added fir load balancing, The delay of the circuit
is controlled through control-bits 8, which encode the delay
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control-code ¢ with a thermometrie code: 5=0 for i = ¢ and
S=I for i = ¢ . By using this encoding, each DE in Fig. 1{a)
can be either in pass-state (S=0) or in tn-state (5=1) . In
Fig. I{a) all NAND gates present the same load (two NAND
gates) and, theretore, in a first order approximation, present
the same delay. This consideration allows to write the delay 8.
fiom fr to Out, as follows:

0= Muanp + 2 tugun . € (1

where tyawn- (bvann 1 bvasp a2 while eanp s and Wuawn
ue represent the delay of each NAND gate for a low-to-high
and high-to-low outpul  commutation, respectively. Ii is
interesting o observe that (1) holds hoth for low-to-high and
high-to-low Ot commutations. Equations (1) suggesis that
Limin = 2tyaxn and g = 2l

In DCDL applications, to avoid DCDL output glitching, the
switching of delay control-bits is synchronized with the
switching of fo input signal, Glitching is avoided if the
control- bits arrival time is lower than the arrival time of the
input signal of the first DE which switches from or to the tarn-
state. Unfortunately in the DCDL of Fig. 1{a) this condition is
not sufficient to avoid glitching. In this circuit, in fact, it is
possible o have output glitches also considering only the
control-bits  switching, with a stable input signal. Some
cxamples of glitching problems of this DCDL arc highlighting
in Fig. 1. Let us name 8§ = [ 5, 51........] the vector of the
control-bits of the DCDL. In Fig. 1{a) 1t is assumed that fn = 0
and that the control-code of the DUDL is switched from 1(S =
[0 111, [yt 2(8= [0, 0. 1, I, ....]) . Please note that,
within the structure, the switching of 81 and 51 and results in
two different paths that generate an output glitch. It can be
casily verified that the same glitching behavior exists when
input fn is 1, and the delay control-cede is increased by 1
starting from an even value.
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FIG 1{b).Glitching when the delay control -code increases by two

Fig. 1ib) shows that the structure exhibits a4 more severe
glitching problem when the delay control-code is increased by
maore than 1. In particular the Fig. 1(b) considers the case in
which control-code ¢ of the DCDL is switched from 1(8 = |0,
| T DR It 3(S= [0, 0,001, ... The analysis of the
figure, in this case, reveals that, in the worst case, four paths
propagate within the DCDL structure and may create a
multiple-glitch at the delay-line output.

More in general the glitching problem of NAND-based DCDL
grows up because, for a control-code equal to ¢, all @ and f
signals in Fig, 1, with 1= ¢, are stuck-at 1, while for 1 < ¢,
the logic state of o and P signals depends on the input fu.
When the control-code 1s mcreased, the logic state of the

output becomes dependant on a portion of the DCDL for
which g and [} switch from | to a logic state dependant on fn,
This switching may determine output  glitches, This
consideration also demonstrates that no glitching can occur
when the control-code is decreased.
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Fig I Transicnt simulations highlighting glicching problems of the NAND-
baged DCDL and the glitch-free operstion of proposed DCDL,

The Fig 2 shows a transistor-level simulation of a NAND
based DCDL composed by 64 elements. In this simulation,
first.fn = 0 _ The control-code of the DCDL is firstly changed
from 9 to 62 and, afterwards, changed back from 62 to 9. The
DCDL output is reported in the third curve of the figure |
When the code word 15 imcreased (62 1o 91, 1t can be observed
the presence of three glitches on the DCDL output. As
ohserved before, when the code word is decreased{62 to 9) ,
no output ghteching oceurs. The second portion of  the
simulation shows that the same behavior can be observed for
=1,

I PROPOSED NAND-BASED DCTDL

The structure of proposed DCDL 15 shown in Fig. 3. In this
figure “A” denoles the fast input of cach NAND gate. (atcs
marked with “D”, represents dummy cells added for load
balancing. Two sets of control-bits, 81 and T1 , control the
DCDL, The S5i bits encode the control-code ¢ by using a
thermometric code: & = 0 for i < ¢ and 8 = 1 for i = ¢ .The
bits T; encode agam ¢ by using a one-cold code:Tory =0, T =
| for fn =1, ¢ = 1.. The Fig, 3 shows the state of all signals in
the case , . According to the chosen control-bits encoding,

each delav-element (DE) can be in one of three possible states,

Fig, 3. glitch-free NANT -based T {inverting topalogy b,
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Fig. 4. glitch-free NAND-bazed DCDL {non-iverting topology).

TABLE1
LOGIC-STATES OF EACH DE TN PROPOSED DCDLS

DE
Si Ti state
0 1 Pass
1 1 Turn
1 0 Post-Turn
Ther | T |
5 | | I S | I
Sei | e Sl
h=k : H h=k |
511-1_5_'_ S I
Thet _l— X That _I—L
—_ A+ time —— time
{a) (bl

Fig. 5. Control-bits wavelorms of DCDL for a control-code switch from ¢ =
kK w¢=h {a) h =k ¢ase; (b =k case,

The DEs with 1 < ¢ are in pass-state (5, =0, T = 1} . In this
state the NAND “37 output is equal to [ and the NAND =47
allows the signal propagation in the lower MAND gates chain,
The DE with 1 = ¢ is in turn-state (S =T, = 1). In this state the
upper input of the DE is passed to the ontput of NAND “37,
The next DE (i = ¢ + 1) 15 0 post-twm-state (5= 1, Ti=0) . In
this DE (he ontpui of the NAND “47 is siuck-at 1, by allowing
the propagation, in the previous DE (which is in furn-state), of
the output of NAND =37 throngh NAND =47, All remaining
Dls {for 1= ¢+ 1 ) are again in wm-state (8 = T, = 1. The
three possible DE  statcs of proposed DCDL and  the
corresponding 5 and T; values are summarized in Table I

In the proposed DCDL the state of all o and i signals
depends on the input (o, = = v and e = fizic) = In ) with
the only exceprion of . , which is stuck-at 1. The glitch-free
switching property of the proposed DCDL is conceptually
simple to demonstrate, et us assume a switching of the delay
control-code from ¢ =K to ¢ = h. Tn the initial state of the line,
s = = In and tsier = P = fn |, with the exception of fi.
which is stuck-ar 1, Tet us suppose to first switch the k+ 1 th
DE from the post-mrn-state to the rm-state. By looking to
Fig. 3 it can be vbserved that, in these conditions, B switches
from | to o . The signal [ is the input of the NAND “47 galc

of kih DE. The switching of B 15 glitch-free since the other
input of this gate is stuck-at ok , therefore the NAND “47
output remains equal to o, After the kt1 th DE switching, all
cells are cither in pass-stale or in tum-state. In these conditions
it is possible to freely change the state of Des from pass-state
to urn-staie, since this change does not affect the logic state of
signals o and [ Afier this phase the h+l th DE can be
swilched from lwn-staie (o posi-lurn-siate. This swiltching is
again glitch free; since only [, signal switches from o, o [
This procedure has the drawback 1o require a three-step
swilching ol the DCDL. The [ollowing scelion provides a
more detailed analvsis of the glitching of proposed circuit in
order to show that a glitch-fiee operation can also be achieved
by using a properly designed two-step switching mechanism.
Tlee last signal plotted in Fig, 2 is the output of proposed
DCDL of Fig. 3. simulated by using the above described three
step switching mechanism, and in the same conditions of the
NAND-based DCDL. This simulation confirms that no
glitching is obtained at the output of proposed DCDL,

The circuit of Fig. 3 is an inverting DCDL. In this circuit it is
interesting to ohserve that the first DE is never in post-turn
state, therefore Tois always | (see Table I). This observation
allows to construct a non-inverting DCDL by modifving only
the first DE, as shown in Fig. 4. In this circuit the NAND
gates “17 and “27 of the first DE have been deleted. together
with signal Ti. The signal al of the second DE is now equal to
fn. therefore the whole behavior of the DCDL is non-
mverting., This wpology mamtams the same tg{2 . tyaxp) of
previous  solution, while 1t can casily verificd that the
minimum delay ty, 15 now 2, The non-inverting DCDL of Fig,
4, therefore, maintains the same performances of the NAND-
based DCDL . while avoiding its glitching problem.

IV, GLITCH-FREE SWITCHING OF PROPOSED DUDL
AND CONTROL-BITS DRIVING CIRCUIT

In the previous section we have seen that the glitch-free
operation of the proposed DCDL can be obtained with a three-
step switching mechamism; for a switching from a delay
control code ¢= k to a delay control code ¢ = h | first, the
k=Ith DE is switched from post turn-state to the turn-state;
next all DF are switched from pass to turn-state (or vice versa)
and finally the b + 1th DE 15 switched to post-turn-state. This
switching mechanism presents the drawback of being slow
and can result in a not simple driving circuit for the TDCTIL
comtrol-bits.

Actually, a more detailed analysis of proposed DCDL (sece
Appendix T), shows that a sufficient condition to achicve a
glitch-free operation in proposed DCDL s imposing the
following two trming constramis:

tshe = Tron ™ teann (2)
trim— i = -y i3)

where taie Jtsen , Troue and trog represents the arvival times of
HL and LH switching of’ T and 8; signals, respectively.

In order to show how this timing constraints can be, in
practice, realized let us define rwo times, As and M, as
follows:
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Ac=lsm—trn A =lsu—trie (4)

By using the above definitions, the two timing constraints
(2),(3) becomes

AS = Tvann i5)
AL < Iwann ia)

By using the above definitions, the Fig. 5 shows the
waveforms of the DCDL control-bits for a switching of the
DCDL delay, from a control-code ¢ = k o a control-code ¢ = h
. The Fig. 5ia) considers the case in which the delay control-
code needs to be increased (h > k). In this case the relevant
ming constraint is (2). This conswraint corresponds o
imposing that, in Fig. 5ia), the delay As is greater than t wann
[see {51]. The Fig. 5(b), on the other hand, considers the case
in which the delay control- code needs to be decreased (h = k).
I this case the relevant timing constrain is {3), This constraint
corresponds to imposing that, in Fig. 3(b), the delay A is
lower than 3twawn [see (6)]. Please note that, formally, the
choice At = 0 wverifies this constraint. However, from a
practical point of view, realizing a A, < A, may be not obvious
(sce Fig. 5).

CLK

Fig, 6. Drving circuts for the contral-kits of DCDL with 5, sigaalz delaved
with different LHML delavs by using a ¥ AND-based circuit

The Fig. 6 shows three possible driving circuits that can be
used to generate the control-bits of the proposed DCDL,
following the waveforms shown in Fig, 5. By analyzing Fig, 5
it can be noted that S signals have tw be delayed with respect
to T; signals and that it could be useful to have a different
delay for LH and HL transitions, It 15 also worth to note that,
to avoid ghitching of the DCDL, S and T; signals must
themselves be glitch-free. By following this reasoning. m all
presented driving circuits, it is assumed that T, signals are
generated as output of flip-flops, which, at the same time, both
properly time the DCDL considering system-level aspects, and
act as deglitching elements,

The Fig. 6 shows the driving technigue. In this solution cach
S signal is obtained by using a flip-flop followed by a NANT-
bused circuit which presents different LH and HL propagation
delaysit, 1n 7 Lue) . In this solution, as shown in the figure, t,
L = teann While tpae = 3twann - By using the definitions (4),
we have
M= Iwann A= tvawn (7

The two constrains (5) and (6) are theretore verified, both with
a timing-margin of 2tyanm
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V. CONCLUSION

A Digitally Controlled Delay Lines plays an important role in
many applications. Glitches are the drawback of this DCDL.A
NAND-based IN'DL which avoids the glitching problem has
been presented, Control bits are used to control the Digitally
Controlled Delay Line circuit. The simulation resulis confirm
the correctness of developed model and show thar proposed
solutions improve the resolution with respect to previous
approaches.
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