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1 Introduction

Conventional approaches to the problem of extracting a clock from the data do not automati-

tally hold the clock in the center of the data-eye. This thesis describes a data feedback tech-

nique that adjusts the clock and significantly reduces timing uncertainty by compensating for

initial circuit misalignment, propagation delay variations and low-frequency jitter.

The purpose of this thesis is to investigate the characteristics of the technique with different

phase detectors by analysis, simulations and experimentally work.
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3 Problem statement

Conventional approaches to the problem of extracting a clock from data do not automatically

hold the clock in the center of the data-eye [7]. Other means must be used to keep the clock

properly centred in the eye, see Fig. 3.1, at the decision flip-flop, and in the approach,

described in this thesis we use a closed loop system that fortes the clock to be positioned at the

center and so, is self correcting.

Misalignment of the clock relative to the data is generally caused by jitter and variation in cir-

cuit propagation delays. In practical terms this means that the clock moves forwards and back-

wards relative to the data.

Data 1<

Fig. 3.1. Data and clock optimally aligned.

4 Solution method

Fig. 4.1 shows a block diagram of our DLL in its simplest form [3]. The major components  of

the DLL are a phase detector and a phase shifter. The phase detector senses clock and data mis-

alignment and the phase shifter adjusts the phase of the clock to obtain phase alignment with

the data. Here, the input clock is a squarewave which can be extracted from the data by passing

the incoming data through a Phase-Locked Loop (PLL) or a bandpass filter, often realized as

an LC-tank or a Surface Acoustic Wave device (SAW). This clock signal is tuned to the nomi-

nal clock frequency of the data. The leading edge of the clock should always be in the middle

of the data-eye so one can determine whether the data is a logital one or zero. The following

sections  describe different phase detectors  and phase shifters.
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Fig. 4.1. A delsy locked loop.

4.1 Phase detectors

Logit circuits serve as the most frequently used phase detectors because they are readily avail-

able as small inexpensive integrated circuits [ 11. The output of logit circuit phase detectors is a

constant amplitude pulse whose width is proportional to the phase differente between the two

input signals.

The performance of the system is depending on the data transition density. We have a opti-

mized system when the data transitions is 50% [9].

4.1.1 Exclusive-OR phase detectors

The exclusive-OR circuit often serves as one of the simplest types of phase detectors. Here, the

data signal is compared with the delayed version of itself resulting in a high output if, and only

if, one of the two input signals is high, see Fig. 4.2. Therefore, if the delay, or phase error,

between the two inputs is zero then the output of the exclusive-OR phase detector Will also be

zero.
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Fig. 4.2. Output of an exclusive-OR phase detector.

In digital phase detectors the phase error is defined as

cb&  = ;27t

where T is the period of the input signals and 7 is the time differente  between the leading

edges of the two signals. The average value of the exclusive-OR gate output as a function of

phase error is plotted in Fig. 4.3.

b
Phase  error

Fig. 4.3. Average voltage output as a fbnction of phase error  for the exclusive-OR phase detector.

It is assumed that both input signals have a 50 percent duty cycle. The output is a maximum

when the two signals are 180’ out of phase. There are two values of phase error for each value

of output voltage, but one value Will correspond to a negative loop gain and the other value to a

positive loop gain value. For a positive value of loop gain the closed-loop system is unstable,

and the error Will adjust itself to the phase error corresponding to a negative-feedback loop.

One disadvantage of the exclusive-OR phase detector is that the output depends on the duty

cycle of the input waveforms.



4.1.2 Hogge phase detector

The Hogge phase detector [4], shown in Fig. 4.4, directly tompares  the phases of the delayed

data and the clock, unlike exclusive-OR phase detector, in the following manner. After a

change in the state of the delayed data, the D input and Q output of the D-type flip-flop, U3, are

no longer equal, causing the output of XOR gate, Ul, to go high. The output of Ul remains

high until the next rising edge of the clock. At the same time, the XOR gate, U2, raises its out-

put high because the D and Q lines of U4 are now unequal. The output of U2 remains high

until the next falling edge of the ciock, at which time the delayed data’s new state is clocked

through U4.

Loop filter

+ - Sum
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Data
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u3 u4
Clock Clock

Fig. 4.4. Hagge phase detector and loop filter.

If we assume that the clock has a 50% duty cycle, U2’s output is a positive pulse with a width

equal to half the clock period for each data transition. Ul’s output is also a positive pulse for

each data transition, but its width depends on the phase error between the delayed data and the

clock, its width equals half a clock period when the delayed data and the clock are optimally

aligned. Hence, the phase error can be obtained by comparing the widths of the pulses out of

Ul and U2.

Fig. 4.5 is a timing diagram for this detector with the delayed data and clock optimally aligned.

In this case, the output of the phase detector has zero average value, and there is no net change

in the loop integrator’s output.
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Fig. 4.5. Wavefoxms of Hogge’s detector with data and clock aligned.

If the delayed data edge are ahead of the clock, the output of the phase detector has a positive

average value, as shown in Fig. 4.6. As a result, the loop integrator’s output exhibits a net

increase. Conversely, if the delayed data were behind the clock, the phase detector’s output

would have a negative average value, and the loop integrator’s output would exhibit a net

decrease.
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Fig. 4.6. Waveforms of Hogge’s detector with data ahead of clock.



Plotting the Hagge phase detector’s average output as a function of phase error Will give the

sawtooth characteristic shown in Fig. 4.7. Consistent with Fig. 4.5, the phase detector’s aver-

age output equals zero when the phase error between the delayed data and the clock is zero.

Average Output of
Phase Detector

Phase error

Fig. 4.7. Transfer characteristic of Hogge’s detector.

One feature of this phase detector is that the decision-making circuit is an integral component

of the phase detector (for the output of flip-flop U3 is the re-tirned data), consequently this

detector does suffer from a sensitivity to the data transition density [4]. Sinte each triangular

pulse on the output of the loop integrator has positive net area (see Fig. 4.5), the presence of

such a pulse affects the average output of the loop integrator.

4.1.3 Triwave phase detector

The phase detector shown in Fig. 4.8,[4],  greatly reduces the problem with net in-/decrease of

the loop integrator’s output described in section 4.1.2 with the Hogge’s phase detector, by

replacing the triangular correction pulses (which have net area even when the delayed data and

clock are properly aligned) with triwaves whose net area is zero when clock and data are

aligned.
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Fig. 4.8. Triwave phase detector and loop filter.

As in Hogge’s detector, the width of Ul’s output is dependent on the phase error between the

delayed data and the clock, while the outputs of U2 and U3 are always a half clock cycle wide

(assuming that the clock possesses a 50% duty cycle). The phase error can be obtained by com-

paring the variable width puise from Ul with the fixed width pulses from U2 and U3. Note that

the pulses out of Ul and U3 are weighted by 1, while the pulse out of U2 is weighted by -2

Fig. 4.9 shows the timing diagram for the Triwave detector with the delayed data and the clock

optimally aligned. Note that each data transition initiates a three-sectioned transient (the tri-

wave) on the output of the loop integrator, and that this triwave has zero area. Therefore, its

presence does not change the average output of the loop integrator.
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Fig. 4.9. Wavefom  of a Triwave detector with data and clock aligned

It has been shown, in [4], that the Triwave detector is more sensitive to duty cycle distortion in

the clock signal than Hogge’s implementation, because of the unequal weightings used. This

sensitivity to duty cycle can be restored to that of Hogge’s implementation with the simple

modification shown in Fig. 4.10.

4.1.4 Modified Triwave phase detector

The Modified Triwave detector, Fig. 4.10, uses two distinct down-integration intervals clocked

on opposite edges of the clock, rather than a single down-integration of twice the strength

clocked on a single clock edge. As a consequence, the effects of duty cycle distortion are atten-

uated.

Filtering of the high-frequency ripple present in the output of any of the three phase detectors

described in this thesis can be provided by the addition of poles placed beyond loop trossover.

These “higher order poles” (HOP’s) can reduce the jitter induced by this ripple to insignificant

levels  .
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Fig. 4.10. Modified Triwave phase detector and loop filter.

Fig. 4.11 shows the timing diagram for the Modified Triwave detector with the delayed data

and the clock optimally aligned.
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Fig. 4.11. Waveforms of a Modified Ttriwave detector with data and clock aligned.



4.2 Phase shifters

Phase shifters are used to provide a shift in the phase of the clock signal in the loop. In the

work presented in this thesis we have decided to look at two different types of phase shifters, a

variable time-delay shifter and a vector modulator based shifter.

4.2.1 Time-delay

Given a time function v(t), various other waveforms can be generated from it by modifying the

argument of the function. Specifically, replacing t by t - 7: produces the time-delayed signal

v(t-7). Fig. 4.12 illustrates in blockdiagram form a time-delay network.

v(t) h(t)=  qr  -  z)

L T r”‘,_.
0 t 0  -c t 0  T t

VW v(t  -  -c)
b -STe b

Fig. 4.12. A time-delay network.

The delayed signal has the same shape as v(t) but shifted 7 units to the right along the time

axis. In the frequency domain, time delay results in an additional linear phase component with

slope -27t-c,  so  that

v( t - T)  4+  V(f)e-"T

The amplitude spettrum  remains unchanged, sinte

IV(f)e-‘2”f’l  = IV(f)lle-‘2n’l  = IV(f)l.



The transfer function of an ideal delay line is H( jo) = ~-i2Xfs, and its impulse response is a

delayed impulse h(t)= 6(f - r) .

The magnitude of the transfer function is one at all frequencies, i.e. IH(jw)l = 1.

The phase shift argH(jw) = -or is a linearly decreasing function of frequency.

shift can be described as shown in Fig. 4.13.

The phase

Fig. 4.13. Delay-line phase shift as a function of fquency.

Fig. 4.14 shows one example of how a delay-line may be approximated by a II section.

Fig. 4.14. Delsy-Lik

4.2.2 Vector Modulator

This phase shifter consists of a vector modulator, which, ideally can provide a phase shift of

between 0-360 degrees over a Wide operating bandwidth. In addition, the output amplitude

remains constant, independent of the phase shift. Fig. 4.15 is the block diagram of a device the-

oretically capable of achieving these goals.



A 90 degree power splitter is used to decompose the input signal into two equal amplitude

quadrature components, 1 and Q. The amplitude of each component is adjusted by multiplying

it by some scaling factor between + 1 and - 1. The scaled 1 and Q components are then com-

bined vectorially, resulting in another sinusoid of equal frequency, having, generally, different

amplitude and phase characteristics. By adjusting the amplitude of each component, it is possi-

ble to obtain a resultant of any phase between 0 and 360 degrees. Sinte the two signals are

amplitude modulated then vector summed, this phase shifting scheme is often referred to as

vector modulator.

- s~W(t)l
+ Trig

G e n e r a t o r  cosP(r)l

Fig. 4.15. Basic c0mponent.s of an ideal vectcr modulator.

%n[ot - e(t)]
Jz

b

Each individual component shown in Fig. 4.15 makes some contribution  to the total amplitude

and phase error of the output signal. The trigonometric identity in equation 4.1 may be used to

analyse the extent of these contributions.  Here the, two quadrature signals sin( ot) and

cos (ut) are scaled by the cosine and sine of the desired phase shift angle 8 , respectively, then

vector summed.

cos(0)sin(ot)  - sin(O)cos(ot)  = sin(ot - 0) (4.1)

Due to the complexity of the vector modulator, simulation of the system is beyond the scope of

this thesis. However, the reader is referred to [5] where a detailed study of the system is pre-

sented.



5 The characteristics of the TDLL

A linear model block diagram for the Tie Delay Locked Loop (TDLL) system is given in Fig.

5.1.

er +-
$ KPd 8, KfF(s) - Kdle-sT 00

Fig. 5.1. A linear model of the system.

These are the components of the loop. We examine in 5.1 stability, 5.2 error performance, 5.3

bandwidth and settling time and in 5.4 jitter performance.

5.1 Loop Stability

The open-loop gain Will be denoted as

G(s) = K,F(s)~+~

where

K, = KpdKfKdl

Kpd is the phase detector gain, Kdl is the gain of the delay line and Kf is the filter gain. Sta-

bility requires that the closed-loop poles all be located in the left half of the s plane (i.e., the

real part of the poles are less than zero).

The easiest way to analyse  the loop stability is to plot the magnitude and phase of the open-

loop transfer function versus frequency. The phase margin is then defined as

bn  = 180’ + argG(jo,)

where oc, the open-loop trossover frequency, is the frequency at which the open-loop gain is

unity. That is, the phase margin is equal to 180’ plus the phase shift of the open-loop transfer

function (a negative number) at the open-loop trossover fi-equency,  see Fig. 5.2.



The greater the phase margin, the higher the damping of the system if the closed loop system

has a setond order transfer function. Ultimately if the phase margin is negative the system Will

be unstable [8].

-18OO  __

Fig. 5.2. Phase margin.

The stability can be related to the open loop Bode-plot  for the system as described in [8, chap-

ter 61.

When we know the gain of the TDL, the phase detector  and the filter we can look at the open

loop transfer function to see if the system is stable or not.

er
bb  Kpd h  KfFW  h  Kdz  eesT %

Fig. 5.3. Open hop.

From the open loop system above we can calculate the transfer function as follows:

G(s)  =  $  =
r

KpdKfF(s)Kdle-“T

as an example, toncider T=l and

KPd lK=ig f = 800, Kdl = n, F(s) = s ;-E;05
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Fig. 5.4. Magnitude and phase response of the open loop transfer function.

After plotting the magnitude and the phase of the open loop transfer function we can calculate

the phase margin and the slope of the system. Drawing a line from the trossover  in the magni-

tude plot, approx. 4 x lo5 rad, down to the phase margin as shown in Fig. 5.4 we get a phase of

- 113’ , As described above, we can calculate the phase margin as follows:

<Dm = 18O0+  a.rg(G(s)) = 180 + (-113) = 67O

We can see from the magnitude response that we have a slope of 10 dB/octave  and with a phase

margin of 67 degrees we have a well damped system. The change in the phase plot at approx.

400 krad/s is due to the exponential function. This means that we need a high damping system

to prevent this change to interfere within our bandwidth.



The open loop transfer function for the different phase detectors  can be found in appendix A.

5.2 Steady state error

Steady-state  error analysis determines the final error in response to different inputs. The error

signal Oa, defined as er - Oo, see Fig. 5.1, can be expressed as

e,(s)  = em
1 + K,F(s)PT

where Kv = K@KfKdl.  It  is difficult to analyse the transfer function containing the term

e -sT, however, in the systems we are considering in this thesis, the open loop bandwidth, is

much smaller than the clock frequency, l/T, allowing us to make the simplification  e -sT zz 1. If

the systems are stable, the steady-state error can be obtained from the final value theorem:

If er(t) is a function representing a sudden step increase in phase of $O, i.e. 4”O,(s) = s

then

(t) = lim ‘” 4)”
s+ol+ K,F(s) = l+ K,F(O)

5.2.1 F(s) a first order filter

1If F(s) represents the transfer function of a low-pass filter F(s) = - then
S+l
oz

limF(s) = -L- = 1
S+O S+l

01



Therefore, for a step increase in phase, the steady-state error can be written as

lim e,(t) = & =
80

t+- V 1  +  KpdKfKdl
(5.1)

From equation 5.1 we can see that to minimize the steady state error a large gain, Kf, is

required. The loop is stable.

5.2.2 F(s) a first order filter and an integrator

If F(s) includes an integrator, i.e. then lilicF(  S) =
1

Therefore, for a step increase in phase, the steady-state error can be written as

lim 0,(t) = lim *O
t+- s 401  +  K,F(s)

= lim (s2+OocV = (j
-O(s2 + s)o/ + Kv

(5.2)

For higher order integrators it is possible to achieve zero error for ramp systems, quadrature

systems etc. However, closed loop stability becomes a problem [8].

5.3 Closed loop bandwidth and settling time

From the open loop system, shown in Fig. 5.3, we obtain the closed loop system by feeding

back the output Glo as shown in Fig. 5.5.

Kpd KfFW  _ .  Kdl  e-sT 00

Fig. 5.5. Closed bop.



The transfer function of the closed loop system is given by:

H(s)  =  g+  = K,dKfF(  s)Kdp-“T
1  +  K/,~K~F(s)K&~

For example, for T=l and

Kpd =  &,Kf = 800, Kdl = n, F(s) = s +.~& .
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fig. 5.6. Magnitide of the closed hop transfer function.

Fig. 5.6 shows the magnitude response of the closed loop transfer function. From the phase

plot given in Fig. 5.7, we can see that the phase changes between -180’ and 180’ because of

the exponential component in the transfer function. In our case, where the exponential compo-

nent is approximately equal to 1, the variation in phase Will not affect the stability of the sys-

tem. This depends also, however, on the amount of filter gain



Phase

Fig. 5.7. Phase plot.

For fkst order filter the system is stable under the approximation eeST = 1 over the system

bandwidth. The effect of this approximation is illustrated in Fig. 5.8. For large K and when the

open loop filter bandwidth is large, peaking in the closed loop occurs.
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Fig. 5.8. Magnitude response for large K and bandwidth.

The closed loop transfer function for the different phase detectors  can be found in appendix A.



5.4 Jitter performance

We used Simulink  Matlab to do our simulations of the different systems. We have studied all

phase detectors but we have decided to distuss the Modified Triwave phase detector in this the-

sis. Fig. 5.9 shows the Delay-Locked Loop using a Modified Triwave phase detector. The low

clock duty cycle sensitivity and small data dependent jitter of the Modified Triwave detector

are the reasons why we finally decided to use this form of phase detector. Sinte we can’t delay

a signal by negative time, the Saturation2  device is used to prevent the control voltage exceed-

ing the limit of operation of the input of voltage controlled delay element TDL. The

Saturationl device removes distortion added to the clock-signal, providing a clear clock signal

that varies between 0 and +l Volts.

Saluratlon Fyller gam

Fig. 5.9. Delay-Locked LQOP created in Simulink.

In real systems the periodicity of a signal is disturbed, which means that the edges Will move

forward and backwards,  the signal is said to be jittered, Fig. 5.10.

signal I 1 I I

signal+jitter UI IU Il Il1 111

Fig.  5.10. Jittered signal.

After several simulations with different values of filter gain we found an irnportant relationship

between jitter and error, see Fig. 5.11.
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Fig. 5.11. Jitter-Enar function  using Modified Triwave phase detector.

Here, the error is approximately the inverse of the filter gain, so the higher gam we have the

less steady state error we get. The relationship between jitter and filter gain however is the

opposite, which means low gain Will give low jitter. Thus a compromise is required.

The third factor we had to take into consideration was the setding time of the closed loop, see

Fig. 5.12, which Will be smaller for higher values of filter gain.

We can see from Fig. 5.11 that if we use a filter with larger closed loop bandwidth the jitter Will

increase. The setding time Will be smaller but the system Will be unstable because the filtering

of the signal is too small. If we have a bandwidth which is more narrow the jitter Will be

smaller but the rise time Will be bigger. The change of bandwidth Will not affect the error

because the error is approx. one over the gain.
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Fig. 5.12. Settling time for different  values of gain.

The jitter- error function and rise time simulation results  for the different phase detectors can

be found in appendix A.



6 System implementation

The system implementation can be separated into a digital circuit and an analog circuit, see

Fig. 6.1. The digital circuit can again be divided into three sections:  a circuit for generating a

simulated data stream and clock from a high speed clock input; the digital part of the TDL; and

a circuit for evaluating the different phase detectors used to retime the data and clock. The ana-

log circuit handles the low-pass filtering, digital to analog tonversion  and the Time Delay Line.

The entire circuit is described in appendix B .

,~~~~~~---~~~~~~--~~~~~~~~-~~~__ ___.
8 Digital circuit II

Data + dock DataC
I T
: I simulator h

the Time Delay Line

To D/A-converter

Fig. 6.1. Block diagram of the system in its simplest form.

6.1 Digital circuit

The digital circuit contains a phase divider, multiplexers, PRBS, the three different phase

detectors, the digital part of the time delay line and an adder, which are all programmed in a

FPGA - Field Programmable Gate Array (ALTERA MPM5064), see Fig. 6.2.
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Fig. 6.2. Block diagram of the FPGA.
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In the first block of the digital circuit a high frequency clock (400 kHz) is divided by four by a

frequency divider and then fed into the input of a shift register. The shift register provides four

different phase references which can be selected using a multiplexer. Sinte the multiplexer

selects instantaneously one of the four inputs, a change in the selected phase reference Will

result in an initial step change in the output of the multiplexer which we can use to analyse the

step response of the system.

To generate a data stream we use the clock signal from the multiplexer and feed it through a

PRBS (Pseudo-Random Binary Sequence) generator. The length of the PRBS sequence can be

set to one of 8 different values.

The setond block is the digital part of the TDL which contains buffers and SR-flipflops.



The third block of the digital circuit allows us to evaluate different retiming circuits  and

includes the three phase detectors which determine the phase differente between the data and

the clock. The setond multiplexer is used to select  which of the three phase detectors we want

to evaluate. The adder simply analyses the outputs of the chosen phase detector to determine

which analog voltage leve1 should be output from the D/A-converter.  If we use the Hogge

phase detector the analog voltage leve1 varies between + 1 and - 1 volts, see section 4.1.2 and for

the Triwave and the Modified Triwave it varies between +2 and -2 volts, see sections  4.1.3 and

4.1.4.

6.2 Analog circuit

The analog circuit consists of a simple D/A-converter,  low-pass filter and voltage controlled

Time Delay Line, see Fig. 6.3.

From FPGA
)
5 DIAconverter

LP filter
b 8z

b Amplifiers

Voltage control

4 4 t
To ffiA TDL

I8 From FPGA
I4 -I A 8

Fig. 6.3. Block diagram of the analog circuit.

The D/A-converter, Fig 6.4, is constructed to give five analog output voltage levels (+2, +l, 0, -

1, -2). Only one of the D/A-converter  inputs Will be high, 5 Volts, and the other low, 0 Volt, at

the same time. For example, if B is high and the others all low then the output Will be -1 Volt.



From

to fIker

Fig. 6.4. D/A-converter.

The low-pass filter (in Fig. 6.3) is a first order active low-pass filter as shown in Fig. 6.5. The

values of the resistors and capacitor can be determined using the following formulas that spec-

ifies the gain and bandwidth of the filter.

k = R2
Rl

The clock frequency that we use in our simulations is 100 kHz. According to section 5.2 the

filter bandwidth should be much smaller than the clock fiequency and so we chose a filter

bandwidth value of approx. 10 Hz. If we use the Modified Triwave the component values are

calculated to be:

Rl=l kQ, ti=100 kB and C=140 nF

According to the formula above we have a filter gain of 100 Hz.
C
II

R 2

Fig. 6.5. Fint order active low-pass filter.



The voltage controlled TDL (Time Delay Line) is based on a technique using tri-state buffers,

thresholds and flipflops where the buffers and flipflops are included in the FPGA, see Fig. 6.6.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1

Pm

+c  CLRN

I2 01
Thmhold  1 & 2

GNO

3
- - -

02
Tbreshold  3.4.5  & 6._______________-___

I

1 [8 oj

Clock  out  ’

Threshold 7 & 8

Fig. 6.6. Tiie Delsy line.

b8

The input to the TDL is the clock signal which will be integrated in six steps. After the first

integration we feed the integrated signal (12) through a threshold device which, in this example

is set to be in the middle of the amplitude, see Fig. 6.7. Output1 shows the output of the

thresholdl device. The same procedure Will be done with the inverted clock (Il). The two out-

puts, Output1 and Output2, Will be fed through a set-reset flipfiop.  The falling edge of Output1



sets the rising edge of the new clock and the falling edge of Output2 sets the falling edge. This

Will give a maximum delay of 180 degrees.

ClOCk

l’hresholdl

Output1

Input1

‘llueshold2

output2

Clock +90”

I I I I I 1 I I

I I I I I
Fig. 6.7. Ti Delay Lim characteristics using integrators and thresholds.

This procedure is done in feur different steps, hence, the maximum possible delay of the sys-

tem is 720 degrees. This allows us to shift the clock signal forward and backward without

entering the tut-off points (see Fig. 6.8) which could result in no output. The voitage control in

Fig. 6.6 determines the threshold voltage level.

- -Vmax

Fig. 6.8. The tut-off points.

The entire circuit is described in appendix B.



6.3 Prototyping resuits

We used a square wave signal to generate an instant change in phase so we could analyse the

settling time, jitter and error of the system. The change in phase can be chosen to be a quarter

of a period or half a period. We designed the TDL to operate in four steps, see section 6.2 and

achieved the delay characteristic shown in Fig 6.9.

V i

‘Td

Fig. 6.9. TDL phase shift.

Theoretically the total delay can be two periods, but practically we could only delay the clock

by a maximum of one period due to fixed minimum delay overheads.
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Fig. 6.10. Data and retimed clock.

From Fig. 6.10 we can see the data signal and the retimed clock when the clock is stable. Note

that the rising edge of the clock is in the middle of the data pulse.



Fig. 6.11. The  data signal (above) and the output signal from the Modi-
fied Triwave phase detector (below).

Fig. 6.11 shows the output of the Modified triwave phase detector when the system has stabi-

lised. As can be seen from this figure, there are as many positive going pulses as there are neg-

ative and therefore the average voltage is zero.

An interesting characteristic that occurred when we tested the system was when the change in

phase was half a period. Because of this large change and noise in the circuit, the TDL some-

times moved the control voltage to a stable point in subsequent stable region as shown in Fig.

6.12. If the system moves far enough then there may be insufficient delay to reach a stable

point. With the control voltage clamped, further adjustment of the phase is not possible and

instability occurs.

Phase comparator output

t/\ /\

Maximum @error
limited by maximum
delay of TDL

,’,
l

,*,, 0 error,*

Fig. 6.12. Mutiple stable points. Out of lock limit



This effect is shown in Fig. 6.13 where the voltage control has jumped three steps. This could

result in the system losing lock.

,  .  ,  .  .  .  ,..I’--  .,.  .  .

.

.I,  .,.  .-...-..........__.

.

.a.,..

.  .  .  .  .

f!.’ ; ;_n:I
11“-q-

. . *  .  ,_ .-
+3  Y:

j 1;_.  .’

Fig. 6.13. Control voltage jumping between three stages.

These multiple stable operating points, which have not been studied, and the problem of keep-

ing the control voltage operating point within the feur stages remains an open question. The

problem does not occur for sinusoidal waveforms and phase shifters, however, because there is

automatic wrap around of the operating point.
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Fig. 6.14. Settling  time when using Modified Triwave phase detector.

Fig. 6.14 shows the settling  time when the instant change in phase is haif a period. The gain of



the Modified Triwave phase detector and the TDL is 1.6n and 5.6x, respectively. This will

give us a closed loop time constant of 1.57 ps which res& in a settling time of approx. 150

periods. This value was verified to be approximately correct in Fig. 6.14.

7  Summary

In this thesis we have presented a delay locked loop structure for adaptive timing alignment of

a clock signal to a data stream. The system is based on the Modified Triwave phase detector

which offers low sensitivity to clock duty cycle and small data dependent jitter. We have shown

through theoretical analysis, computer simulation and prototyping that the delay locked loop is

stable, has low error, jitter and settling time.

The experimental system has brought to light an interesting problem related to multiple stable

operating points that exist in the system that was implemented. This is an interesting problem

for future study.



References

[l] Jack Smith., Modern Communication Circuifs, McGraw-Hill Book Company, 1986.

[2] A. Bruce Carlson., Communication systems, third Ed, McGraw-Hill Book Company,

1986.

[3] Bogart T F., Ekctronic  Devices And Circuifs, third ed, Macmillan Publishing Company,

1993.

[4] IEEE Journal of solid-state circuits, “A 155-MHz Clock Recovery Delay- and Phase-

Locked Loop”, Vol. 27, No. 12, December 1992.

[5] RF techniques, “A High Accuracy Phase Shifter Based On A Vector Modulator”, Octo-

ber 1993.

[6] Electronics letters, “Automatic Timing Alignment For Regenerative Repeaters”, Vol. 21,

No. 24,21st November 1985.

[7] IEEE Journal of lightwave technology, ‘A Self Correcting Clock Recovery Circuit”,  Vol.

LT-3, No. 6, December 1985.

[8] Bower and Schultheiss., Introduction  to the Design of Servomechanisms, John Wiley &

Sons, Inc, 1961.

[9] IEEE Transactions on communications, “Effect of Signal Transition Variation on Bit

Synchronizer Performance”,  Vol. 41, No. 5, May 1993.



Appendix A



Jitter performance
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A3. Modikd  Triwave.



Settling time

A4. Hagge. Filter gain = 150.
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A6. Modified Triwave. Filter gain = 800.



Open-Loop Transfer Function
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A9. Modified Triwave.



Closed loop transfer function
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Phase detectors
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Adders

84. Adder used with Hogge. System name HAdd.
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B5. Adder used with Triwave. System name TWAdd.



Itlput 2

Imlt 3

Input 4

AND : OR  -

d
b

9

SI JAND t

SI--AND

7

output  1

--& AND ; OR output 2

8
10

LAND,

output 4

B6. Adder used with Mtied Triwave. System name MTWAdd.



Divider

B7. Divider.

Data Generator
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B8. Data generator.



PRBS
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B9. PRBS generator.



Tri-state buffers  and flipflops

B 10. Tri-state buffers.  System name Buffer
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Tri-state buffers  and flipflops

B 10. Tri-state buffers.  System name Buffer
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B 11. Flipflop  and tri-state buffen. System name SRBuffer.
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MUX
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B14. Multiplexer used for selecting phase detector.  System name MUX



PDMUX
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B 15. The Phase detector and MUX  co~ected  inta one device which is our top-kvel.  System name PDhfUX.



The Analog Circuit
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B 18. Tie Delay Line.


