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Abstract

In this thesis, we propose a design of an all-digauilt-in self-test circuit for
all-digital phase-locked loops (ADPLLS) Testingceiits are embedded on chip to
test the circuit instead of using e&e/né f‘st\rutﬂeln this way, it not only can save

the cost of external mstrumerf ts, but a}s& cane‘.mér eror of measured results which
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needs to pass through the !/O Pads Because th;ab(tnstruments would produce
the noise influence and the\iround EOL;I-’ICE cau‘isetdebyo pad transitions affects
the measurement, off-chip Mez(surement c\kﬁwts midlke measured errors. We
propose a built-in self-test circuit can be dIVIdBUb two cases, namely built-in jitter
measurement (BIJM) circuit and the built-in seBttéBIST) circuit.

The built-in jitter measurement (BIJM) circuit meass the jitter of
phase-locked loop output to determine the perfoomaaf PLL. For increasing
accuracy of jitter measurement, the circuit extetidsjitter by using the frequency
divider circuit as a timing amplifier (TA). In theay, it can solve the problem of
analog timing amplifiers (TAs) that they have snhakar region and the linear region
is easily affected by process, voltage, and tentperavariations. Besides, the

frequency divider circuit is a simple digital ciitand it is easily to implement with

standard cells. In addition, the time-to-digitahgerter (TDC) with the verinier ring



oscillator (VRO) quantizes the jitter and the cyctatrolled delay line (CCDL)
circuit produces the signal with one-period delaytle self-test reference clock.
Unlike the some prior approaches, the proposed BRidddiit doesn’t need on external
clock that is jitter-free clock, and also can deseethe area overhead.

Beside the jitter measurement, this thesis alstudges the testing circuit for the
phase-locked loops (PLLs). The proposed built-iirtest (BIST) circuit mainly tests
the phase-frequency detector (PFD) circuit, thellasar the controller circuit, and
the frequency divider circuit. We avoid destroyihg existing structure to design the

testing circuit for the PLL, and the testing citcsilightly affects the performance of

the PLL.
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Chapter 1 Introduction

1.1 Motivation

The phase-locked loop (PLL) is a mixed-signal dircused for many
applications such as clock generation, timing recgyvfrequency synthesizer and
clock de-skew. It plays an important role in systmchip (SOC) design.
Nevertheless, if the PLL doesn’t work correctlymay lead to the overall system
failure. Thus it can be seen, it is important t@reme the operation of the PLLs
before testing the SOC designs. .

Traditionally, most of PLL te?épklrcﬁc\hes focusfamnction test and the jitter

F '\-

measurement. The jitter .perf"/ rmance |s\one of Tbetnmportant characteristics of

e e e
Ereile .._,

the PLLs. Many pieces e(}qlpm.ent a}re requwed tqsmealhe clock jitter such as a
real-time sampling oscﬂlosctgpe a\_rsp-ca-fctrufn hnalymd other dedicated jitter
measurement instruments. Mé fpver__,,,-thp_se}k;}rmmﬁad to wait a long time to
collect the jitter data and the ground bounce ahiisethe 1/0 pad transitions affects
the accuracy of the off-chip jitter measurement.wieer, the cost of those
instruments is very expensive.

Additionally, there are many PLLs placed on the Sf&8ign to produce various
clock rates for different memory and I/O interfacksthe way, it is very difficult to
measure internal nodes signals of PLL by off-cimgtruments. In addition, it should
consider the effect of power line and substratese@ind it will increase the testing
cost especially.

For above reasons, on-chip measurement circuiteirning an attractive

approach, and it also called built-in self-test§B) circuit. From those BIST circuits,

-1 -



the built-in jitter measurement (BIJM) is the pagulapproach to determine the
performance of the PLLs.

No matter how, the built-in self-test (BIST) ciraiineed consider the area
overhead, power consumption and test cost. Thaseitsi not only should make
those parameters lower as possible as we can, Isot avoid affecting the

performance of PLLs.

1.2 Design Test Circuit for PLL Overview

1.2.1 Architecture of PLL

Charge Pump . .,
S
AN
L '\I
Fref ‘ L
Phase ~ Veo Fout
. Detector | | 39
N
e \b\
Fy, Frequency

Divider (M)

Fig. 1-1 The simple structure of the charge-pungedaPLL

Fig. 1-1presents the simple structure of the phase-loakepl (PLL) [1][2], and
it is composed of a phase detector (PD) circutharge pump (CP) circuit, a loop
filter (LF) circuit, a voltage-controlled oscillatgVCO) circuit and the frequency
divider with ratio M. The charge-pump (CP) circadntrols the controlled voltage by
the change of the input clock frequency, and tlop Ilfilter (LF) is used to filter out

the extreme clock noisy. Subsequently, the LF éetivthe filtered control voltage to
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the VCO and produces the excepted output frequéthayever, the structure suffers
from the challenges of MOS leakage problem in adedrCMOS technology, and it
would generate the non-anticipate output clock uUesgy. The all-digital

phase-locked loop (ADPLL) is the all-digital cirtsiiHence, the ADPLL should have

better testability.

dco_code avg_dco_code

Fref up >
PFD down | Controller |/, LooP /5 DCO Fout
> > / Filter 7 >
N N
OUT divM J

Frequency Divider

ray

Fig. 1-2 The archltectu.re of aII dlgltal pbase IedHoop (ADPLL)

Fig. 1-2 shows the ar?shl’fectureﬁc all dlrgltal ;ﬁ'rmcked loop (ADPLL), and it
is composed of five blocks\? rllalme+y phase—fregdiede;ector (PFD) circuit [3],
controller circuit, loop filter (LI‘:—“I) mrcwt dlgaj Q\Q\nt}rolled oscillator (DCO) circuit [4]
and frequency divider. In ADI;/LLJarchltecture, thee all-digital circuits except the
phase-frequency detector (PFD) circuit and thetaligiontrolled oscillator (DCO)
circuit. Among the ADPLL circuit, the PFD circuits ibang-bang PFD in [4].
Moreover, this thesis discusses the design testitiior all-digital phase-locked loop.

The ADPLL can generate a signab{}-that has fixed relation to the reference signal

(Frer) @s shown in Eql-1, and the working principleesatibed as follows.
Fout = M * E‘ef (Eq 1_1)
First, the PFD will detect the phase error anduesgry difference between input

signal (Fef) and divided signal (OUT_divM), and sent the updmwn signal to

announce whether the REF_CLK signal leads the éigtynal. In other words, if the
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Fref leads the OUT_divM, the down signal that outputhaf PFD block will generate
a low pulse. Besides, when the phase error fatts timee dead-zone of PFD, the up
signal and down signal will remain high. Therefdtee controller block will receive
the PFD output and generate the code (dco_codedrtwolthe DCO. In controller
block, the binary search is used to achieve thé gode quickly. Nevertheless, the
dco_code is easily affected by input jitter andddeane of PFD. To improve the jitter
performance, the LF block is used to filter outshamoise effects and to calculate the
average code (avg_dco_code). Through the average, ¢be DCO will oscillate
output clock frequency. Finally, the frequency desi generates the required

frequency that is multiply of the reference clock.

1.2.2 Specifications of/AESé’EL\

Jerrt [

-

Tabfe"1-1 The specifications 6f ADPLL

Parameter Description

Target Process i 'Té}ﬁfgét E6undry Process

Reference Clock (Capture Range) | Minimiim and Maxinelouk reference
Arequer y

Output Clock (Lock Range) Minimum and Maximum clamktput
frequency

Programmable Input and Feedback | Minimum and Maximum divide ratios fq
Divider input and feedback divider

Lock-in Time (#cycle) Maximum required lock-in time

Re-lock time (#cycle) Maximum re-lock time respomds
input change

Output Jitter (ps) Maximum output jitter
Root-Mean-Square (RMS) Jitter (ps RMS outputritte

Peak-to-Peak Jitter (ps) Pk-Pk output jitter

Output Phase Dirift (ps) Maximum phase error betweérence
and output

Power consumption (mW) Maximum dynamic/static power
consumptions




We can determine the PLL through the specificatioffse specifications of
ADPLL are shown in Table 1-1, and the detail dgdimns of the rest blocks are
following. Beside the indirectly testing PLL, tharameters of PLL also can be refer

to determine the operation of PLL [5].

1.2.2.1 Reference Clock and Output Clock

The reference clock signal and output clock sigmalalso called capture range
and lock range respectively. Both of they are thpdrtant measured parameters of
operation frequency of the PLLs. The capture rarsg¢he range of input clock
frequency which the PLL can acquire lock signal] #me lock range is the range of

output clock frequency which the PLL can remaindb#ut clock frequency.
o
. S
1.2.2.2 Lock Time and Re-L})z’ki

The lock time means: %héf the outpuI freque?rcy ftbmlnltlal frequency to the

Ereri
-

—_— - -\

expected output clock fréquency. However - Iocl{tlmelnfluenced by process,
voltage, temperature (PVT) varlatlor:s -I-n otﬁer\e/(;ahe factor of divider and the
DCO output clock frequency a&efunchanged \%ldrtpetlclock frequency is changed.
Therefore, the re-lock time is the time for PLLraalign the phase of the feedback

clock.

1.2.2.3 Jitter

In the relative jitter information of specificatisrof PLL, we can determine the
PLL through the output jitter, the root-mean-squ&®S) jitter and the peak-to-peak
(Pk-Pk) jitter. The detail description of outputtgr will discuss in next chapter.
Moreover, the RMS jitter is the standard deviati@ue of output clock frequency
jitter which collected in interval period, and tR&-Pk jitter is the difference of the
maximum jitter value and the minimum jitter valdéeir formulas are described as

the following equations.



(-7’

Njitter

JRMS = (Eq 1'2)

Where theJ; is i-th value of the output jitter, and the i& the average value of

the output jitter, th&wer is the number of output jitter values in intertiade, and the

Jrvs IS the root-mean-square value of output jittenterval time.
JPk — Jmagc - szn (EC] 1-3)

Where the Jax is the maximum jitter of output jitter and thgnds the minimum
jitter at present, and theJs the peak-to-peak jitter in interval time.

Nevertheless, if the RMS jitter and Pk-Pk jitteceed the threshold value which
is different in different clock frequency, the Piill be failed. However, the RMS

n'l L
jitter and the Pk-PKk jitter takes a Ionpg/tir%b\ttcuaate.
/ i

1.2.3 Design Chal{eﬁges_t_orTestbLl_

| E—

"x ' i | : .-"I
I
Some of design test cw‘@mts USE'the 'abovq paramatml some of design test

circuits [33][37][35][40] use the/mdlrect meﬁur@m to observe the operation of
PLL, but it is still difficult to ob{s/er;/e directlthe S|gnals of internal nodes. Moreover,
there are many challenges for designing test ¢gd¢ar ADPLL.

First of all, there are many PLLs placed on thedhi offer various clock rates
for memory and /O interfaces. It is difficult teest each PLL by off-chip
measurement instruments, and those measurememninmesits are expensive. Besides,
the output rate of the test input clock signalinsited by the I/O pad. Therefore, the
built-in self-test (BIST) circuit is proposed, athae built-in jitter measurement (BIJM)
circuit is proposed for jitter measurement.

Secondly, even though the all-digital phase-lockexgbs are digital circuits, the

digital-controlled oscillator (DCO) circuit and thghase-frequency detector (PFD)

-6 -



circuit are still difficult to be tested individuglbecause of the DCO circuit and the
PFD circuit are not purely digital logic circuits.

Thirdly, the most important in the parameter of Gfieations is jitter
performance. Moreover, the time difference is baognoo smaller to be measured
because of the advance of the process, both afatzerates and the speed of the clock
increases are quickly. For measuring the smadrjitthe timing amplifier (TA) is
proposed [17][20-22][29]. The TAs extend jitter,daalso can increase the accuracy

of jitter measurement.

TAoutl
TEST_CLK ) N 1 Jitters,
Timing Amplifier Time-to-Digital
(] (]

“tr
}f

' ) ,,r‘" ’:—: -
il N Y

Fig. 1-3 The conceéﬁifj%tbuﬂﬁ;i'n;j_i-ite_}._ measurgﬁ%'mm timing amplifier
oL e Lo _I__ /;

Nowadays, the concept of a\'bu\i!tfin..ji_tt'& m%aswamcircuits is shown in Fig.
1-3, and it is composed of éé’/ffmmg,amplﬁ%g (TAircuit and a time-to-digital
converter (TDC) circuit. The input of TA is the tesgnal that we want to measure
the jitter (TEST_CLK), and the reference signalE®)._CLK) that samples testing
clock to measure jitter. Furthermore, the TDC cots/the time difference into digital
codes. Moreover, the linearity of TA is very im@ort to obtain a precise jitter
measurement result, and the resolution of TDC affects accuracy of the jitter
measurement.

Finally, no matter the BIJM circuits or other té¥tL circuits, most of those
circuits need a jitter-free clock frequency as f@mence clock to determine the jitter

performance. In fact, it is very difficult to acgeia jitter-free clock as a reference

clock input. Therefore, the self-referred struct[i@][11][14][15][17][18][22][30] is
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utilized to solve the problem of jitter-free clock the self-referred structures, an

attractive approach is one-period delay structure.

1.3 Thesis Organization

In this thesis, we propose two circuits to test Pihbe built-in jitter measurement
(BIIM) circuit and the built-in self-test circuitof ADPLL, and the simulation
environment is in 65 nm CMOS process.

In chapter 2, it will describe the proposed builtjitter measurement (BIJM)
circuit and detail architecture. In chapter 3, ill voresent the proposed built-in
self-test (BIST) circuit for the ADPLL} 'I:hen, chapt4 will show the experimental

N
results of the proposed circuits. l;ir/all /, \éhqrﬁamll make conclusion and discuss

. o -,
the future works. S .-
i e L 3 s
N am 7
.,\.. |_. i - /_I,."
o |
! i ]
N </
|/ N
{/2:" o -%\.s



Chapter 2 Built-In Jitter

Measurement for ADPLL

2.1. Jitter Definition

Transition too early Transition too late

Ideal clock \ /

«—>
Jitter

Fig. Z/JAmJeNjefmltlon

The jitter can be deilne’(’.f as the var‘latlon bf anaigNlth respect to its ideal

5-\.-,.., s

A
A

-~ --":-- ,-'

position in interval time as s‘hown in Flg 'i‘—;’l Tdnargfmany elements that can affect
\‘? _ =

the output clock jitter, such a:s the deVJCe no&u%)ply variations, and interference

coupled from nearby circuits. J'I}he common J’%r tencategorized into three types,

namely period jitter, cycle-to-cycle jitter and Nete jitter [6].

Ty

)
-

\ \
/ ;\ / \
N / \
\ \
\ / \ \
/

Trigger point T period — Ideal period

———————— measured period

\/

\i

<
. §

Fig. 2-2 The definition of period jitter feliod



First of all, the period jitter (diog is the time difference between the measured
cycle period and the ideal cycle period as showhiga 2-2, and the period jitter can

be calculated in the following equation.
JpeTiod =10 — Tpefr'iod (Eq 2-1)

Where the gkiiod IS the period jitter of the input clock signaletfiy is the ideal

cycle period, and thepdiioais the measured cycle period.

T(n) - T(n+1)

4
A
A
\

arr!

sy 4—-—-— Measured period

B = . P
N g '_ N f"
Fig. 2:3 'I".héa_ C)(cle-tOLC.y@:le jitter &)

\? -

: ‘-.
Second, the cycle-to- cycgle /jlttera()] IS the tl,me difference of adjacent cycle

A
periods as shown in Fig. Z%and the cycle‘-’toe:wﬂter can be measured by

following equation.
Jee =T(n+1) —T(n) (Eq 2-2)

Where the ¢ is the cycle-to-cycle jitter, T(n) is the n-th nseeed cycle period,

and the T(n+1) is the (n+1)-th measured cycle perio
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S v U N 7
7

Trigger point T®1) T(Q2) T (n) T (n+1)

Ideal period

——————— Measured period
Fig. 2-4 The N-cycle definition (o)

Third, the N-cycle jitter (dg) is the time displacement of the edges of a clock
relative to the triggering edge of the same closlslaown in Fig. 2-4, and it is also

called the long-term jitter. The jitter value camdalculated by following equatians

Jlong — T(Tl) — nx* TO (Eq 2-3)
n'l ;
VN
Where the idyg is the N-cyc]grﬁter, the T‘O i_s he ideal cycleipd, and the T(n)

e . x._ X

o—" s S
L1

is the n-th cycle period. e{\ -

)
-~ -

I_

However, the period jlt\‘\»r can mearsure the /F!’eafkaa)k (Pk-PK) jitter and the
root-mean-square (RMS) value and the cycle tg)ecyuler IS important to measure
A
the margins of setup time and“éeld time,-and- t‘big-lterm jitter can be used measure

the average of input clock frequency, and is vergartant in data transmission

2.2. Conventional BIJM circuits

According to the previously discussion, since treemany PLLs on the chip, it
is not easy to measure the run-time jitter perforoeaof the on-chip PLLs by off-chip
jitter measurement instruments. Therefore, thelop-itter measurement circuits are
proposed to measure jitter, and they are alsoccalldt-in jitter measurement (BIJM)

circuits [7-30].

-11 -



In the section 1.2, some of BIJM circuits use thmirtg amplifier (TA) to

enlarge the jitter for improving the accuracy ttieji measurement [17][20-22][29].

]

M2
o1 H oo

Bias

Fig. 2-5 The schematic of analog timing amplifié5]

n'l ;
Fig. 2-5 presents the schepfqt‘ic\of analog timingpldier circuit in

/
[17][20][21][[45]. The Ilnea)ty of trmlng alelfle would affect the jitter

measurement, so it is m%%rfant to ampﬂfyljlttetmﬁ?rearlty Moreover, the analog
1 | i

time amplifiers often have gl‘very srrlmllrhrrear cmdgnd this linear region is easily
affected by process, voltage, Fe,mperature (F’Q{\T&amans Therefore, a post-silicon
calibration is often needed ton;;rove the Im@aut the timing amplifier (TA), and
the calibration cost increases the total cost eflthilt-in jitter measurement (BIJM)
circuits.

We will describe the BIJM circuits by its measur@athitecture in following
sections, and the time-to-digital converter (TDE€)thhe more popular approach to

guantize the time difference.

-12 -



2.2.1. Time-to-Digital Converter

Fref Fout
> PLL —>
Fg I
Constant Delay
_,_{>_(>_{> ...... [>—[>—D Q »  Error
Counter

\___ Digital Multiplexer /

Fig. 2-6 The delay line for jitter measurement [7]

The time-to-digital converter (TLJ(T)\ structure [7}22 the popular method to
[N
measure jitter, and the earlier prrr@/pose"d stf‘ngjtbe delay line circuit [7-10], and
o - T

we discuss the represeﬁ{ii;t-}gnal,.-c:_"_ir_'é_'ﬁ_}i-t'_\éé_--~§how;ﬁ;‘?fn 2-6. The signal which is

| E— |

connected to the fixed delz;i\glirigi?.(cq)_nsf@nk_.I'dﬁ_éla_\g)’flis the PLL output divided by
the frequency divider, and it |Is tg;?. fe;\efdbf;lc;kr_slig!ﬁa’LL. Then, the constant output
delivers to the data of the D-ffl'fgfflop and the\%ﬂput is connected to the clock of
the D-flip-flop with a digitally-controlled adjudbde delay line. Therefore, the
resolution of jitter measurement circuit is theagetime step of the adjustable delay
line. The maximum delay time of the adjustableppraximately twice times longer
than the constant delay time.

Moreover, the D-flip-flop compares the output witle excepted value, and the
error counter will record the results. The exceptaldie is always logic "1", and the
error counter will count downward. However, theusture can’t achieve a high

resolution with the process variation, and it hdarge area overhead. For improving

the resolution, the vernier delay line (VDL) circig proposed [11-15].
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Fig. 2-7 The simple structure of vernier delay [{N®L)

The structure of the TDC circuit with VDL structure shown in Fig. 2-7, and
the structure of VDL uses two delay lines with éifint tapped delay, delay time T1
and delay time T2. The test clock is connectedh® upper delay line, and the
reference clock with ideal period is{oér‘ﬁegtedhm lower delay line. Moreover, the
upper delay line with delay t,mé'gte,p :|'1 mus’twbp_agm than lower delay line with
delay time step T2, and t“he resqluUUn of |the BIG'MUlt is equal to (T1-T2). The

Wl
TDC with VDL structure can ‘Tﬁnpmve'the ressluttgfrfB)JM circuit, but the structure
still has a large area overheaé when the ran%aiﬂput clock period width becomes
_ {x{g/, e b"”
wider.

However, the DL structure and the VDL structure énéive same problem that
their area overhead is large, and those logic \gditenake the mismatch problem that
every logic gate doesn't have the same rise/fak tilelay change entirely in process,
voltage, and temperature (PVT) variations. Thus,régsolution will be different with
PVT variations, and affects the accuracy of jitterasurement. Therefore, the vernier

ring oscillator (VRO) circuits are utilized in [183] to reduce the area overhead and

solve the mismatch problem.
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Oscl DElSET
START 3 > b Q b Q J_ -~
STOP D i D D

Osc2

Fig. 2-8 The structure of vernier ring oscillat@6]

Fig. 2-8 shows the structure of the vernier ringileor (VRO) in [16], and it
uses two pairs of ring oscillators to quantize plaése width information into digital
codes. The resolution of TDC is equal to the peddterence between the "Oscl"
clock and the "Osc2" clock in the VRO structured @ne period of T1 must longer
than the period of T2. : r\

IRN
Table 2-1 The comﬁ,anson table c)ithg time-to-digibnverter
= x’ x"-, e -

Architecture DL [7-10] VDL [11-15] VRO [15-20]

| e 4
Test time Run\-ﬁme“-._ |+ ~"Run-time Long time
L s [ : J

e = w7
Resolution Low resglgﬁon N Hi&i&tesolution High resolutio
DR R

Area Large overhead Large overhead Small overhepd

Gates mismatch yes yes no

Table 2-1 shows the comparison of the TDC circwith different typed delay
line. Therefore, the VRO not only can maintain higisolution of TDC, but also
reduces the area overhead. Thus, it is suitablghf@rbuilt-in jitter measurement

(BIIM) circuits design.
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2.2.2. Others Architecture

1. Interpolated [23}

REF_CLK SIG_CLK
4-phase clock generator 4-phase clock generator
270 180 90 0 0 90 180 270
o 4
uM1 PN, // .
vV vy ~
. _,-\——>| Input Selector | - ©
= ¥ S| 4|8
E 2L E
=
o) [ 5 5] 2
O f—tfMN—— [ TnputSelector | % % +>
vy A 2l 4 | 2
M3 | 2 // § | Digital Output
1 S A 2 S
[ TnputSelector | ---_ " ‘\\h 5
P __.f' _\ ) 4 |2
|/
v )
Fig. 2-9 The structure of the Bi'JMfwi\tﬁ interpoltechnique
{.L/'.—’:- e -t\ '\_I's

Fig. 2-9 presents the interpolateci | jittér measurgmarcuit [23], and it
composed of two 4-phase clock generator circudsy fmicro-measurement macro
circuits (Ms), four encoder circuits, a parallel-to-serialngerter to receive the
outputs of four encoder circuits, input selectocwits, and a controller.

The 4-phase clock generator can generate 4-phgsal,s0°, 90°, 180° and 270°,
respectively. Fig. 2-9 shows the timing diagram tbe 4-phase signal from
"REF_CLK" clock and "SIG_CLK" clock. Then, the fouMs can measure jitter for
each phase. TheMs use hierarchical vernier delay line (VDL) to qtiae jitter with

high resolution.
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Therefore, this approach uses the interpolateer javersampling can decrease

the quantization noise, and uses the hierarchigalier delay line (VDL) to achieve

high resolution.

2. Time-to-Voltage Converter [24][27]

Charge-Pump

.| Comparator with
Hysteresis

REF_CLK PFD 1 UP| Charge-Pump

4-bit /
Counter

DOWN

FB_CLK

Frequency
Divider

Output
BIJM with TVC
Loop
Filter > VCO "
PLL

Fig. 2-10 The structure of the BIJM circuit with Technique

Fig. 2-10 presents the structure of the built-itefimeasurement (BIJM) circuit

based time-to-voltage structure [24], and it consgosf a charge-pump circuit, a

XOR gate, an analog comparator with hysteresigpaator, and a 4-bit counter.

The phase-frequency detector (PFD) circuit of Hpproach detects the timing

difference of the PLL input clock (REF_CLK) and tHelLL feedback clock

(FB_CLK). The XOR gate gets the pulse width of hondifference by combining the

"UP" signal and the "DOWN" signal.
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The time-to-voltage converter (TVC) turns timingfelience into voltage by
using a charge-pump circuit and a comparator dircthen, the analog-to-digital
(ADC) circuit converters the voltage into the dajicode. However, it has a large

overhead problem because of the ADC circuit neggls fesolution.

3. Analog-to-Digital Converter[28]

Analog-to-Digital Converter

YVY

OUTPUT

Bubble Logic /
& Encoder

TEST_CLK | Control Signal

Period-to-Voltage

Generator Converter

Comparator

Y

Fig. 2-11 The structure of the BIJM circuit with A&Ctechnique

A
Fig. 2-11 shows the structﬁre of thé BIJM circudaised analog-to-digital

converter (ADC) structure\m\&r‘:d it }s cempdsed ogaﬁml signal generator circuit, a
period-to-voltage converter t\»cun and a arllakngjigr{al converter.

The period-to-voltage convirter CII’CUIt changes thpacitance and delivers to
the input of the ADC by a chaf‘lgéfpump Circw%&l@@\ structure, the comparators are
all-digital, and use inverter delay chain to set tloltage threshold. Finally, the
encode circuit outputs the digital code.

In [28], it doesn't have external jitter-free cloak reference clock, but it would

have a large overhead when it needs high resoluti&C structure.
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4. Sampling [25]:

Fig. 2-12 The timing diagram of the BIJM circuitttvisampling technique

Fig. 2-12 shows the timing diagram of the BIJM gitdased sampling, and the
test clock signal is sampled by the slower clodqirency. The phase error is the
difference of the test clock {JFand {tt}eﬁampling clock §F It only has a D-type
Flip/Flop to sample test clock,ﬂgrrjﬁ it_%arﬁégqlxe noise and the process-sensitive
circuitry. Additionally, it |s-\~%y:the,slzgl§}e\mrequo;eyﬁr the jitter of the sampling

clock can affect the jitter me"a\"su'reiment rje_sglJ__I.t'q-i iai;;ffnot easy to acquire a jitter-free

clock signal. 'H " N ) ,fl
| /4 N\
P P L
{”,{5/_'_ - . _\____‘b\_;

From above mentioned approaches, most of those Bikiits need an external
jitter-free clock signal as reference clock sigt@mlmeasure jitter. In fact, it is very
difficult to acquire a jitter-free clock signal. &tefore, the self-referred test circuit is

an attractive approach to built-in self-test citcui

2.2.3. Self-Referred Test

In prior built-in jitter measurement (BIJM) circgjt those need an external
reference clock to measure the jitter performantehe PLL. In fact, it is very
difficult to acquire a jitter-free clock as refepen clock input. Therefore, the

self-referred structure is proposed in [10][11][15][17][18][22][30] to avoid using
-19 -



an external reference clock input. Besides, it dacrease the error of measurement.
In self-referred structure, the reference clockiemerated from the test clock input.
Among those structures, the most popular self-refestructure uses a one-period
delay (OPD) circuit [10][[11][14][15][17][22] to mduce the required reference clock.
The output clock goes through the delay which tsteene period of test clock. In
this way, the input frequency range of the builfiiter measurement (BIJM) circuit is

restricted by the length of the delay line.

F;, T1 | ’ Fps0
TI+12 TI+12 I [ Ti+12 ] l [ T1+12 | [ Ti+12 |
T PR PR

T1 T1 |

T1+T2 T1+T2

Fig. 2-13 The Strucliureroflone perlod delay [11]
\? T \

Most of one-period delay (SPD) structures,f use eitime-to-digital converter
(TDC) or manual adjustmenfl’éelay F|g 2*1‘:3 shotvs OPD circuit with TDC
structure [11][15]. In time-to-digital converter T) circuit, it has a large area
overhead when the frequency range of input clodoimes wider, and it takes a long

time to acquire the one-period clock. Additionallye resolution of TDC also affects

the original jitter value and the accuracy of jitteeasurement.
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2.3. Proposed BIJM Circuit

2.3.1. Structure Overview

TEST_MODE JITTER SIGN
CLK_MODE M_RESET_
l Vernier Ring
Y _ START Oscillator v
Self-Refereed 08l R 1
x Ring Oscillator 1 Phase Detector | Mgtl;i;l?:;cs |
DIV_CLK Operatt :
|
—| Frequency Divider | | Mean | :
CLK (+16) Yy : "
. . |
Ring Oscillator 2 | RMS
ing Oscillator Counter [—F—>! [ RMs | i
? 4 a4 COUNT - - !
CONTR.O[J

Fig. 2-14 The structure of pmposed bu}t-lmlueeasurement (BIIM) [46]

\

The proposed built- |ﬁxj|ftér measurement (B]JM)cmt [46] is shown in Fig.
Wl

2-14, and it is composed ofé:frequelrrcy 'df\ndemqj/ tr a self-refereed (SR) circuit, a
vernier ring oscillator (VRO) ‘(}lr;zult a phase\\cinmz (PD) circuit, a 10-bit counter
circuit and a mathematics opgraﬂon block. Theupsen BIJM uses the vernier ring
oscillator (VRO) structure [18] as a time-to-digitaonverter (TDC) circuit, and a
frequency divider circuit with a fixed divider rat(16) is taken as a timing amplifier
(TA) to amplify the input jitter.

The principle of proposed circuit is as followinhe test clock (CLK) is divided
by the frequency divider and then outputs as "DIVKC Moreover, the self-referred
(SR) circuit generates a clock with delay time tisaset to one period of the input
clock. Subsequently, the self-refereed circuit cesothe beginning and the end of

measurement by the input clock and one-period éelayput clock, and output as the

"START" signal and the "STOP" signal, respectivéliperefore, the "START" clock
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and the "STOP" clock are outputted for the VRO. TEBEART" clock triggers the
upper ring oscillator (OSC1), and the "STOP" cltieggers the other ring oscillator
(OSC2). In the structure of VRO circuit, the ostilbn frequency of the "OSC1"
should be slower than the "OSC2". Therefore, thei®Dsed to detect when the
"OSC2" signal catches up with the "OSC1" signal.&Wthe PD detects the change of
the phase polarity, the reset signal (M_RESET 9eist to the self-refereed circuit,
and the self-refereed circuit will generate the AR signal and the "STOP" signal
again for the next jitter measurement. In the mamire 10-bit counter records the
cycle number of "OSC2" until the OSC1 clock lagsibhd the "OSC2" clock.
Therefore, the counter value (COUNT) will delivey the mathematics statistic
operation block to calculate the mean jand the moedn-square (RMS) value of the

N
test clock. Moreover, the counteﬁ/alué neéds ttﬁlphj{,l by the VRO resolution to

P \
count the real jitter value;@‘md the resoiutloerIM ls:tbe period difference between

| E—

the "OSC1" clock and the " SC2"-.ch>ckr l ) /’;

However, the resolution (IRC? of~ the VRb u;cwt varies with process, voltage
and temperature (PVT) varlatiohs Hence, th\eiat*fwurHEJe can’t be known directly
used at the jitter measurement result unless 8@uion of the VRO circuit (o) is
determined. Therefore, the calibration processhé&vienier ring oscillator (VRO) is
utilized to obtain the resolution for calculatinigr.

Therefore, the proposed BIJM circuit has two operamodes, the calibration
mode, and the normal mode, and the mode selectmmtrat pins are the
"CLK_MODE" and "TEST_MODE" of the self-refereed @iit. The calibration mode
is used to obtain the resolution\/R) of the VRO circuit with a known input test
clock (CLK) frequency, and the resolution \d) can be adjusted by the

"CONTROL" signal if needed. Then, in the normal rapthe BIJM circuit measures

the jitter value of the input test clock (CLK), atigk output counter value can be used
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to calculate the jitter.

The rest sections describe the following. The eact?.3.2 discusses the
frequency divider is used as a timing amplifier {TAnd the section 2.3.3 describes
the detail structure of the self-refereed circamd the section 2.3.4 describes the
structure of cycle-controlled delay line (CCDL),dasection 2.3.5 discusses the TDC

with VRO structure and how to record the relativiel value.

2.3.2. Frequency Divider

In recent years, the timing amplifier (TA) in a lxin jitter measurement (BIJM)
circuit is an attractive method to amplify the impitter, and the accuracy of jitter
measurement can be further improy,efa.‘ sI\,!Lgreover,altfmog timing amplifiers (TAS)
are easily affected by proce,ss,*\/gltage anor ter@eraPVT) variations and those
often have a small Ilnear ?‘eglt‘)n Forsolwrrg thmmm of analog timing amplifier,
we use the frequency d|V|(;‘er Ia~s ‘urlmng' ampllflﬁe/rjewend the timing difference.
Especially, the frequency dIV]dEJ-’ |s a smp@\ thltlrcwt and it is easy to be
implemented with standard c{e/IIsJ. Then, We WI|| disc why the frequency divider
achieves the function of timing amplifier (TA).

In general, the jitter histogram of the PLL’'s outmlock usually looks like a
normal distribution random variable. Among the nakmdistribution, the
root-mean-square (RMS) value and the peak-to-pRWPK) value are two important
parameters of the jitter histogram.

First, we discuss the relationship between the Risl8e of the input clock jitter
and the clock jitter through the frequency divider.[21], Assume Xx(t) is the input
clock jitter, and the y(t) is the clock jitter thugh frequency divider, and the

relationship is presented as following:
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y1:$1+l’2+“'+$n
Y2 = Tpy1 + Topo + -+ Ty

(Eq 2-4)
Y = :E(kfl)*n+1 + '/L'(kfl)*n+2 + -+ T
It also can be define the new random variablesesgarpias following:
S = {1'1-, Tn+1, Ton41s - - }
Sy = {5172-, Tnt25 Lon41s - - - }
' (Eq 2-5)

Sn = {Z‘n, Lon, L3ns - - - }

Hence.Y =S+ Sy +---+ 5,

From [21], we can know that the meanYofMy) is equal to the sum of the mean qf S
n'l s
and the variance of (ov) is equal to/th# S{m of the variance @f Bherefore, they
L '\

can be described as following.«= = " =

- s = e o
PRt

Brre e
-

My = Mg, + Mg, +---+ Ms,

_ Z;:o;mﬂ + Zi:,-ozi*r.l.+2 et 721'.:0 ‘if‘:”*" =nx* M, (Eq 2-6)
i L A |
N e

2 _ 2 9 2 _ 2
Oy =0g, + 05, + -+ 05 =nx*xoy

(Eq 2-7)

From above equations, we can acquire the relatipristtween the input clock
jitter and the divided clock jitter, and it will @ve the inferential results by simulation

results by following description.
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The output BMS jitter with different divider ratio
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Fig. 2-15 The relationship of the input and outRMS jitter

We can observe the simulation results of the r@jiof the output RMS jitter

n'l ;
value divided by input RMS jitter vglué \ALi\th diffant divider ratio (d) as shown in
II//
Fig. 2-15. Moreover, the relan(mshlp can be mo:dLaIS:?“ = Vd, and the RMS value

is the square root of the varlémce valwe ThuS‘fasatWSee the inferential results and

.\ | i - | .; ."l

the simulation results are mdtﬁ:hmg - '{/
- ]
k >

DivN_CLK
D Q > D Q> —{D Q=D Q -
Ql QZ Qn-]
DFF 15151 I — DFF DFF

wf— [ [

Fig. 2-16 The structure of a Johnson counter

In this thesis, the Johnson counter is utilizedrplify jitter, and the structure of
the divider is shown in Fig. 2-16. Compared witk #malog timing amplifier (TA),
the frequency divider is a simple digital circihd it is easy to be implemented with
standard cells. In this way, the design compleaftyhe timing amplifier (TA) can be

greatly reduced by the proposed architecture.
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2.3.3. Self-Referred

M_RESET _

CLK ) 4
—_— TEST_CLK START
DIV_CLK >
—_ Edge [

Detector|] STOP

SELF_CLK

—>
CLK_MODE |

JITTER_SIGN

CCDL

CCDL
T Controller

TEST_MODE

Normal mode

— — = C(alibration mode

Fig. 2-17 The proposed self-referred circuit

The structure of the proposed self- referred (SRudiis shown in Fig. 2-17, and
the principle is as following. The o/pé/at o\qf tbre)posed design can be divided into

two modes, the calibratien- rﬁode (the dotted Ilhaf) ishe normal mode (the solid

Erren T

line). Lt ™y

In calibration mode, the goal ot the modeuls tousre the resolution of the

'_.-

vernier ring oscillator (VRO) {/cg‘gwt.__MQ_reo?%{_ietrswnch of former multiplexer
(CLK_MODE) is set “0” to choose the input clock iaput of self-referred circuit
(TEST_CLK), and the switch of latter multiplexerH$T_MODE) is also set “0” to
choose the inverted input clock (TEST_CLK_D) ad-sdt clock (SELF_CLK) as
shown in dotted line in Fig. 2-17. Therefore, trdge detector (ED) circuit will

generate the "START" signal and the "STOP" sigodht measured circuit.
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Fig. 2-18 The timing diagram of the calibration reod

In this way, the beginning and estof the measun¢nseone half clock period

of the input clock as shown in F*’/g 2 18 Then WRO circuit can quantize the
..r" \_

timing difference betweeﬂ{‘the "STARL " Slgnal a&é:ﬂSTOP signal to obtain the

counter value for one half of the test iclock tCLﬁéyl,o/d and the resolution {Ro) of

\?
VRO can be calculated by thafollovwng equatlon,t
| /{ i e \\ L
R f’ 1
VRO = |256 = N (Eq 2-8)

Where T is the clock period of input clock (CLK)eNs the mean of the counter
values among calibration mode, angkRis the resolution of the VRO circuit.

After the calibration is done, in the normal mottee value of "CLK_MODE"
chooses the clock which we want to test, and iefmgk and the divided clock. If we
want to test the input clock, the "CLK_MODE" showlet to "0". On the other hand,
if we want to test the divided clock, the "CLK_MODEhould set to "1". Then, we
will discuss the operation of normal mode in lattasse. The former multiplexer
chooses the divided clock as "TEST_CLK", and thetamultiplexer chooses the

output of cycle-controlled delay line (CCDL) cirtais the solid line in Fig. 2-17. The
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output of CCDL (CCDL_CLK) is delayed by one cyclerjpd and outputted as the
"SELF_CLK". Moreover, the "SELF_CLK" clock signa the clock with delay that
is set to one input clock period. It means that tiheng difference between the
"TEST_CLK" signal and the "SELF_CLK" is equal tcetiphase error of the each
cycle period and first cycle period. If we assurhe first cycle period as a ideal
reference clock, the phase error is equal to tHaiten of the period jitter that

introduced in Chapter 1.

TEST_CLK

SELF_CLK

i

START

STOP

——

JITTER_SIGN

Fig. 2-19 The timing diagram of normal mode witgr&d jitter

However, the ED circuit can detect the sign of jitter, if the "TEST_CLK"
leads the "SELF_CLK", the output jitter is defined positive. Therefore, the
"JITTER_SIGN" signal is set to “0”. Oppositely,tlie "TEST_CLK" clock lags the
"SELF_CLK" clock, the JITTER_SIGN is set to "1". htee, if the "JITTER_SIGN"
is set to "0", the "TEST_CLK" clock signal is outfed as "START" signal and the
"SELF_CLK" is outputted as "STOP" signal. Otherwigee "START" signal chooses

the "SELF_CLK" as output signal and the "STOP" aigrhooses the "TEST_CLK"
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as output signal as shownhig. 2-19.

In addition, we use the CCDL structure [43][44]inaplement one-period delay
(OPD) structure. However, most of OPD structures agher the time-to-digital
converter (TDC) or manual adjustment, and thosee lmlarge area overhead when
the range of the input becomes wider. Thereforeusee cycle-controlled delay line
(CCDL) circuit [43][44] to delay one clock perio@m reduce the area overhead, and

we will detail describe in next session.

2.3.4. Cycle-Controlled Delay Line

Ring Oscillator
D - B e SRR S

CCDL_in
———

e . osc_out

Programmable Counter
<+ count

I I
/-' h JCC])L

reset

count_is 0

Y match

Pulse Generator

Fig. 2-20 The structure of cycle-controlled delang|(CCDL) [43]

The structure of cycle-controlled delay line (CCO48] is shown in Fig. 2-20.
Unlike the prior paper, the proposed CCDL is conegosf a positive edge trigger,
cycle-controlled delay line and one 2-to-1 multyge The "CCDL_in" signal will
trigger the D-type Flip/Flop, and the "trig" signalto prevent the additional signal to
the programmable counter circuit. When the ringillagor starts oscillating, the
"osc_out" signal will trigger the programmable ctarmto count upward. It counts

upward until the count of programmable countergaa to the input count that the
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controller inputted. In the moment, the "match"nsigwill be high, and triggers the
pulse generator to generate a pulse to reset thgpd-Flip/Flop and the
programmable counter. The timing difference betwien"CCDL_in" clock and the
"Out” clock is multiple of the period of the ringallator, and it can be expressed as
following.
Toepr = c* Tose, for c¢=0w2Neepr ]

Where the Ecp is the timing difference the "CCDL _in" clock arttet"Out"

clock, the Bbscis the period of the ring oscillator, and the this times the CCDL

reuses.

RESET

. <
CCDL_mJ A ™

.si-.f.'.:-n.. — e e "'1
CCDL_Counter =07 ._f I x E y R NecpL \

Ring_Oscillator

/i W o\
Tmp_Counter 0 ) Nl \\\\ Nl No[1  ....)

TR

Fig. 2-21 The timing diagram of CCDL

The timing diagram of the proposed CCDL is showrFig. 2-21. The input
signal (TEST_CLK) triggers the positive edge cycterrolled delay cell. It means
that it will start to oscillate when the first ptigé edge comes, and the ring oscillator
will oscillate until the count number is equal teetinput count (Ncp.) from the
CCDL controller. The "Out" clock generates the pulgth the delay time that is set
to one input clock period. When the®. is zero, the "count_is_0" signal will pull

high and the input "CCDL_in" clock is bypassed he putput of CCDL. It can be
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seen, the CCDL structure can generate one-periag divck quickly, and it also can

reduce the area overhead.

2.3.5. Vernier Ring Oscillator

Oscl j}_MIRESET_
S
START P > D Q D Q J_ e
QBH Counter
STOP > > >
= el L |
[ | | |
Osc2 JITTER_SIGN

Fig. 2-22 The structure of vernier ring oscillafgRO) [18]

The time-to-digital converter (T,Dé‘d L‘\‘/\Li\th vernieng oscillator (VRO) structure
in built-in jitter measuremen; (BlgM) |s a p*opulgpproach to measurement jitter
[7-31]. The structure of VRO [1|8] IS‘Showr|1 m F@;ZZ and each ring oscillator is
composed of an NAND gate‘and a S(la'na’rdelay ce’ﬁ

In the structure of VRO, }he,f "START" s?t\g\nal triggethe upper ring oscillator
(OSC1) and the "STOP" &gnaTtrfggers the otheg[ ascillator (OSC2), and the clock
frequency of upper ring oscillator should be slowen the other. It means that the
delay time T1 will be longer than the delay time &8d the "START" signal always
leads the "STOP" signal.

Subsequently, the phase detector (PD) circuit ikzed to detect when the
"OSC2" catches up the "OSC1", and the counter reitord the cycle number of
"OSC2" until the "OSC1" lags behind the "OSC2".lre tmoment, the PD circuit
produces a low pulse (M_RESET ) to reset the couiitee "JITTER_SIGN" signal

from self-referred circuit controls counter upwaalnt or downward count.
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Fig. 2-23 The timing diagram of the VRO and theiRBIJM circuit.

Fig. 2-23 shows the timing diagram of the VRO dir@and the PD circuit. The
"START" clock and the "STOP" clock trigger the "OBCand the "OSC2",
respectively. The "OSC1" is always triggered eartiean "OSC2", and the PD
detected when the "OSC2" catches up the "OSC1". e "OSC1" lags behind the
"OSC2", the "M_RESET " signal ngnT{ates a low putseeset the counter. The
initial value of the counter i§_"$€t t(I)_ }5\64? @agitter measurement. If the
"JITTER_SIGN" signal |3{‘63h@co_u_nte\rwm\co:n?ward until the negative edge
of the M_RESET _ signal is."“-p!oa\l%c_ed_. @Higg_iieL};ﬁ'é "JITTER_SIGN" is “1”, the

counter will count downwardlglunfti_l fhéf'ﬁegagive I,tleahjahe "M_RESET " signal is
| 7 N\

§ A . i .

produced. The TDC circuit withA/RO ‘structure:cacr@ase the area overhead, and it

can solve the problem of the logic gated mismaitterefore, it is suitable for BIJM
circuit to measure jitter.

Form above mentioned built-in jitter measurementJ§B circuit, we can
acquire the counter codes, but we don’t know tla jiger value. Therefore, we can
acquire the resolution of the BIIJM circuit from E§2in calibration mode.
Additionally, from the edge detector (ED) circuite can acquire the sign of input
jitter to measure sign of jitter. When the "JITTERGN" signal is set to “0”, the
counter will count upward. Oppositely, the countelt count downward, when the
"JITTER_SIGN" signal is set to “1”. The initial wa# of counter is "256", and the

output counter has 10 bits.
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2.4. Mathematic Statistics of Jitter

From the previously mentioned, the root-mean-sq@BfS) value is one of
important characteristics in jitter measurement] #re average of jitter also is the
important parameter in RMS measurement.

Up to now, there are many methods to calculateatltezage counter code in
average measurement circuits. The difference ofitmax jitter and minimum jitter
is the simplest method to calculate the averageveder, it is easily affected by the
extreme value. The moving average (MV) is the commwethod to calculate the
average for a long time. No matter how, it will de lot of registers to store those
counter codes in the interval time. Therefore filber average can avoid the effect of
extreme value, reduce the numpe/ f}egrsters andoth the results in [42].

Nevertheless, it meets others‘/ problem so thatuﬂdVaffect the mathematic results. If

r, e -"--".-
Ermlre, o i 7

\
it appears closed values Qontmuoulsly'—the temmorbuffers can’t allow others
values to represent even though -the value maybaverage values in jitter
measurement. In this thesis, @%:rmpr_o\re_ t_heﬂ%gmmgage (MV) approach to meet

our need.

Jitter Distribution

06 ‘

sar 3! r f l ‘
e
.o: | i rh ‘ ‘M ‘r‘ I | r‘r“}“

r ‘
i

Period Jitter(ns)

i I i I i
0 500 1000 1500 2000 2500 3000 3500 4000

# Clock Cycle

Fig. 2-24 The jitter distribution with radon varlab
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Moreover, the jitter distribution is generally nalndistribution with random
variables is shown in Fig. 2-24. Thus, it can besider that those mean of different

internal time are close. The simple concept of mrpd moving average is shown in

Fig. 2-25.

0
:.-.—.-..—.ii‘.i..;‘ig.l avg2 avgn
ol 1033 Tob4 ~ 2047 2048 N
i_th Jitter ...... ; ..................
(a) Traditional Moving Average
avg( avgl avgn
|
012 1023 [1024 2047 2048 - - N

i-th Jitter! | | | === - | | - -

ae o
tzmr—(b) Improved Moying Average
SN AT et S

Yol e
Fig. 2-25 The concept of\"movjrjg éwerag-ef_ (@) gériuaat moving average, (b)

in\lproved meving average
.l -/H .-'\\ !
. . F o ! .
In this way, the improved'MV doesn’'t need' a lotrefisters to store measured
jitter results. The simulation will show the resulb prove. The RMS value is one of

the most important characteristics in jitter meamgnt, and we can measure the

RMS value to determine out measured results. Thé&SRi#slue is calculated in the

following equation.

{\‘jitter Ji—JImean 2
Jrms = \/Z'_l ‘\Tiitter ) (Eq 2-9)

Where the gus is the RMS value of jitter in such interval timbe J isi-th jitter
value, the deanis the mean of jitter in such interval time, ahd Nixer is the number

of jitter in such interval time. Furthermore, thguation of RMS also can be described

as other type and the inferential procedure is shasvin Eq2-10.
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itter tt
Trnps = 1] 22 I (] rean)? _ [ E (1224 Jix Tmean-+ Tsean )
RMS i Njitter

]\’jztter

i\th‘er

\/ (ST 12) = (2 Tmean Tadi e )40 T2, )
(Eq 2-10)

]\/]nter ijtter

Z ]ztter -_
J _ T2
‘Vﬂttm Jmean

The window size of the proposed improved MV is &®t“1024”, and the

Jltter 2 < ]lii61 7 2
\/(Z ) 2*]\’]7”?7 *Jmean-’—]rznean — \/Z ', Vj“ter*‘]'mean

simulation results compares the difference betwiberproposed moving average and

the overall input as shown in Fig. 2-26.

The RMS relationship of interval time and overall
8.4 T T T T
-8~ RMS wﬁh interval tlme : ! i
=8~ RMS with overall

9.2

©
]

@«
o

RMS Jitter{ns)

el
o,

82

| | Il 1 i 1
o 2000 4000 6000 8000 10000 12000 14000 16000
Simulation Cycle Number(#)

Fig. 2-26 The relationship of the interval time RM& the overall time RMS
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Chapter 3 Built-In Self-Test for
ADPLL

3.1. Conventional BIST Circuits

Beside the jitter measurement, there are many ottethods to determine the
operation of the PLL, and those circuits are cabbedt-in self-test (BIST) circuits
[32-41]. In prior approaches, those can be dividetb three types, namely
non-invasive test [32][33], invasive t{e}s‘t ‘[$4-3&haopen loop test [39-41].

The rest section describgg/the_ l‘_"fp\I\IBWir]_g\. The eactB.1.1 describes the

P —-""/ s _-""'\l‘.."- D )
non-invasive test approé;g;h%s, and-the 'seg:tiqg_r.:?’iﬁeﬁ:ribes the invasive test

approaches, and the sectioﬁé.i.éx_clis_cqs_sés ;-inldgn:flmtest approaches. Finally, the

section 3.1.4 will make the sdrlnmary:‘f"'_'.-' : I,fl

| /e

;A . \ I
{";6{/" - . _\__.b-u‘

3.1.1. Non-Invasive Test

In non-invasive test approaches [32][33], those@gghes just observe the PLL
input and the PLL output to determine the operatbthe PLL, and they don’'t add
extra circuits in internal PLL architecture. Thenef, the technique would affect the

performance of the PLL slightly.
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Fig. 3-1 The structure of BIST in non-invasive ieg{33]

Fig. 3-1 shows the structure of BIST PLL circui8[3and it composed of a
n'l L
2-to-1 multiplexer, a frequency dli)ﬂq*ai“\fircuit, ahbit counter circuit, and a
/ i 5

controller circuit. P e N

=" s \ "\

-

As soon as the PLL |$I0€ked the test mrcuﬁts,tﬁI determine the operation of
' | i |

the PLL. The thought of theBIST Cllr'CUI't is thatﬁng the frequency divider ratio.

When the frequency d|V|deHr fatlo |s cha\ng(gd thel Pieeds locked again.

{//, :

Subsequently, the counter records the value, aed:cblmtroller will compare those
results to determine the operation of the PLL.

Moreover, the non-invasive test technique only olesethe input and the output
of the PLLs, and the test PLL structures are nsiricted. However, it is limited for

non-invasive testing circuit to measure more patarse

3.1.2. Invasive Test

The invasive approaches [34-38] observer more bkidoadetermine the

performance of the PLLs. In this ways, those canease the testability.
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Fig. 3-2 The BIST strug[’ure Wl?ﬁ“dlrectly invasitesting [34]
P T \\_

Fig. 3-2 shows the sgumre of BiS\f far PLLFMm invasive test approach
[34], and the BIST circuit iicomp@sed of somg X@Ric gates, some D latch
circuits, and a fault detection b|0}3k \ .fl

The internal nodes of thé’dmder”by N (DB‘N) circare delivered to the BIST
circuit, and the relationship of those nodes cambédeled as hamming code. Finally,
the fault detection circuit determines the measwesllts whether matching the

hamming code, and outputs the measured results.
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Fig. 3-3 The BIST structure with indirectly invasitesting [35]

Fig. 3-3 shows the structure 9?‘5 $LF\PKL\L in invastest approach [35], and two

I' '\-

2-to-1 multiplexers and three delay cellsare addédst the charge-pump based PLL.

e
et - .__,

\
The fault-evaluation clock: C|rcu|t alnd 'tl'rq test{ngh clock circuit are added to
" &

generate the test-self clock Slgnal _ :}

The test principle is descrjlbéd as ,followﬁ}% Tast{control circuit produces the
charge/discharge test (CDT) S|gnal and the enade (ENT) signal to control the
phase-frequency detector (PFD) inputs. The testatipe can be divided into two
cases, the charge case and the discharge casearljeccase, the test-control (TC)
circuit lets the "IN" signal lead the "FB" signdllence, the PFD circuit will still
produce the "UP" signal.

In the other case, the TC lets the "IN" lag the "BB)nal in discharge case, and
the PFD circuit will generate the "DOWN" signal.ifSequently, the Fault-Evaluation
(FE) circuit catches the digital output of dividey-N (DBN) and diagnoses the test

results to determine the operation of the PLL.
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Unlike the non-invasive test approaches, the imeatest approaches need add
extra circuits in internal PLL, but those approaciséill don't need to modify the

existing structure of PLL.

3.1.3. Open Loop Test

In open loop test approach [41], the test approesds to break the PLL loop,
and alters the existing PLL circuitry. In [41], modifies the structure of
voltage-controlled oscillator (VCO) as shown in .[F8g4. The VCO circuit is added
two extra switches to choose the ring oscillatoo@iput clock or a series of inverters.

When the Test Mode value is set to “0”, the VCO ades the output of ring

oscillator as output clock, and it chooses as dutfmck when "Test_Mode" value is

set to “1”. A “\

\
Jerrt [

Control_V

[: VCO_OUT

_— .. ___ __ __ _ ___-__

|

|

' — |

: »| switch |'\_‘-
Test_Mode : > ITI :b

| BIST]

Fig. 3-4 The BIST structure in open loop testing][4

However, modifying the existing structure wouldrease the loading of internal
nodes, and it also impact the performance of the. RLaddition, the open loop test

approach must design different test circuitry fog tifferent PLL structures.

- 40 -



3.1.4. Summary

The non-invasive test approaches [32][33] deterntir@eoperation of PLL only
through the PLL input and the PLL output, and tbist approach doesn’t observe the
internal nodes. Moreover, the invasive test appgresad34-38] need to obtain the
internal information to determine the operationttad PLL, and the open loop test [41]

approaches need to modify the existing structutbePLL.

Table 3-1 The comparison of the BIST test techrsque

Advantage Disadvantage

Non-invasive Not broken loop L ower testability

Invasive Not broken loop Medium testability

e

Open loop ngh)éall)ll\y Broken loop

Among three types, ﬂ{e nonrmvaswe tes; appf}fadhe optimal test technique
because of it doesn'’t obsew"e the |h.tema.l n,odas itbis limited to determine the
operation of the PLL. Moreo‘ver even thou h thenotm)p testing approach can

| .)'

measure more parameters, B’ét it needs to %od|M|w| structure of the PLL.
However, it makes the extra influence of PLL, ampacts the performance of the

PLL.
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3.2. Proposed BIST Circuit

3.2.1. Structure Overview

DCO_CODE AVG_DCO_CODE
up 5 — OUT_CLK
REF_CLK — PFD Controller |Z» Loop DCO >

P— Filter
Freq y

OUT_divM Divider

I 4

g BIST(sub-circuit) BIJM
Pazg TEST CLK
(External)
BIST
S
/ ! ‘“\

Fig. 3-5 The’ prop,osed BIST bePLL structure

Fig. 3-5 presents the S|mple‘b10ck Iof the” propobadit in self-test (BIST)
circuit for the all-digital phas\éylc;c:ll(edl'tbop (ADE')* aind it is composed of a built-in
jitter measurement (BIJM) Cl{(j;jut that is n@tloned chapter 2, and a built-in
self-test circuit. In this CIrCUIt,{tfheJBlJI\/I cwctuxan supply to test the ADPLL output
clock frequency and the external test clock fregyelVe would introduce the detail

description of the BIST sub-circuit.
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Fig. 3-6 The architecture of the BIST sub-circuit.

L

)
Fig. 3-6 presents the structure/dT/thL \qposehﬂuw;elf test (BIST) circuit, and

I' '\-

it is composed of three 2-tol multlpfexet:s and S“Bbentroller block. We focus on

r, e -"--".-
Ereml _._,,

design an all-digital BIST é;rcuﬁ fpr tlhe 'alfpltgl ph/q.se -locked loop in invasive test
approach. The proposed ERST C|rG_UIt- -supplyj 'two teside to test all-digital
phase-locked loop (ADPLL), f/% test er PFB‘/\Conmoland the test for frequency
divider and controller, and the mode selectlon bnpins are the "BIST_MODE"
and the "BIST_MODE" has 2-bit in the proposed BISTuit.

When the "BIST_MODE" is set to “01”, the proposetSB circuit will test the
operation of the PFD and the controller. Then, phaposed BIST circuit tests the
frequency divider and controller when the "BIST_MBDs set to “10”.

The section 3.2.2 will describe the proposed BIS&THFD and Controller block,

and the section 3.2.3 will describe the BIST circiar frequency divider and

controller, and the section 3.2.4 presents thelsiton of those cases.
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3.2.2. BIST for PFD/Controller

In proposed PFD/Controller test circuit, we refer the approach [33] that
mentioned in section 3.1.2, and improve its meawsarg circuit. The proposed BIST
circuit observes the relationship between the P&pus (UP, DOWN) and the DCO
codes (DCO_CODE) to determine the operation of RR®/Controller by forcing

down test and forcing up test.

BIST_mode =2'b01

Force UP
RN UDT=0, NTM=1;
1O

Force DOWN
UDT=1, NTM=1;

Fig. 3-7 The procedure of the proposed BIST cirfaritPFD

The flow chart of PFD/Controller testing as showrFig. 3-7, and the working
principle is described as following and thg.\Ns the bit number of the DCO circuit.
When the "BIST_MODE" is set to “01”, the BIST camitdelivers the up-down test
(UDT) signal and the normal-test mode (NTM) sigtal the former two 2-to-1

multiplexers. When the "UDT" signal is set to “Ificathe "NTM" signal is set to “1”,
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it means that the "IN" signal is the input clockttwiwo delay cells, and the "FB"
clock is the input clock with a delay cell, and thelay cell is the same delay step.
Therefore, the "IN" clock always lags the "FB" dip@and the PFD would generate
the down signal continuously if the PFD circuitnermal. Then, the down signal
makes the controller decrease the DCO codes (DCOE}Qf the DCO controller
doesn’t decrease the "DCO_CODE" into zero, the ggeg BIST circuit will finish
the test and the Pass/Fail is high.

If the PLL pass in forcing down test, the "UDT" is&d will be set to “0” and the
"NTM" signal will be set to “1”, and the PFD chogsthe input clock without delay
and the input clock with a delay cell as the "INgmal and the "FB" signal,
respectively. Therefore, the "IN" alwayTtJeads thB", and the controller will make

i

the "DCO_CODE" increasing. The proposed BIST ciraekamine whether the
- - T

"DCO_CODE" are maxini-i{ﬁmyalue:"tg:jieléfe}‘;mipe_:thé;ﬁmna)f PLL.
L =)
) Cuben’ 4
| L |
N .
W o
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3.2.3. BIST for Frequency Divider/Controller

On the other case, the proposed BIST circuit w8k the frequency divider (FD)
and controller. From the section 3.1.1 discussios,can determine the operation of
the PLL by altering the frequency divider ratio.eTproposed BIST circuit observes
the change of the output of the loop filter circ(#vG_DCO_CODE) when the

frequency divider ratio is changed.

Normal Mode
BIST mode=2b00 | [®| BIST_mode=2

! v

REF_CLK REF_CLK
1M * OUT_CLK =1/(M-1) * OUT_CLK
< i.l N
W

Avg_dco_code
Increasing

Start Test

{lféj, S ﬂ__b{-,
Fig. 3-8 The procedure of BIST for frequency divide

The flow chart of test FD/Controller is shown asHig. 3-8, and the detall
procedure describes as following. In this caseptiposed BIST circuit needs to wait
the PLL state is locked to start test. When the BlLlocked, and the BIST controller
changes the frequency divider ratio when the "BIMDDE" is set to “10”. When the
frequency divider ratio (M) becomes less (M-1), thdput clock frequency fr)
will be faster than the PLL input §) and the average of DCO codes

(AVG_DCO_CODE) will be increasing.
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Fig. 3-9 The state machine of PLL locking in BISF divider testing

Fig. 3-9 shows the state machine of the PLL lockimigrmation in testing
divider approach. If the input clock frequencyéB is faster than the output clock
frequency (bLL), the average of "DCO_CODE" will be decrease, trastate will
from state “00” to state “10”. Opp;)/gifé’}/s}d{iherjut clock frequency is slower than

the output clock, the "DCO ?,G'(‘JDE_','..-W_ilL__bé*ihe(gamd the state would turn to

“01", A gap—
Wl e
\? LW D o
3.2.4. Summary |
| 7
{//l"; DR

N
The proposed built-in  self-test (Blé%; circuit fecuon testing the
phase-frequency detector (PFD) circuit, the coldrotircuit and the frequency
divider circuit, and this work uses the indireatiput signal to test the function of the
blocks, and then observe their operation to tedthik way, the proposed BIST circuit
doesn’t add extra circuit to break the internaha@ecture of the APLL, and doesn’t

destroy its loop. Therefore, the proposed BIST uiirdelongs to the invasive

approach, and it is easy to implement.
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3.3. Application Environment

/0 1/0
PAD PAD
CDR
1/0 1/0
PAD PLL1 PAD

BIST
1/0 1/0
PAD PAD

Fig. 3-10 The application environment of single PLL

Fig. 3-10 presents the application environment iofjyle phase-locked loop
(PLL). In system-on-chip (SOC) design, the PLL pglagn important role for
I
‘different o equirements. If the oesn'’t
different opedatequi If the PLL doesn’
e .

= .f".-""'\ K s ]
work correctly, it may Iea&\"th_g; overall-system yafis_l.;EEatjﬁrefore, the stability of PLLs

producing various clock rates for

aTT

o

| E—

oLk | = | !
b Nnduns” 4
| - . |
However, the system-ongchﬂg (SOC)-design doesive lanly one PLL, and all
|/ '

is important.
. i e . r\
PLLs should be determined. Therefore, it is diffita test every PLL by the external

instruments. Hence, built-in self-test (BIST) maasuwent is becoming an attractive

and important approach to determine the performahtee PLLs.
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Chapter 4 Experimental Results

4.1Chip Implementation

The chips are fabricated by UMC 65nm 1P10M standadormance (SP)
CMOS process. We measure the performance of th@oped built-in jitter
measurement (BIJM) circuit individually, and we Waudetail describe in section 4.2.
In section 4.2, it shows the simulation results #mal chip measurement resolution.
Finally, the section 4.3 shows the proposed bnilself-test (BIST) circuit with

simulation results.

n'l ;
e i‘ \‘
/ i \\‘\I
L e S
4.2The Pro p@;_‘sed:BlJaM clreuit
oL | ol
) Cuben’ 4
| N el o |
4.2.1 Specification -
{’{fl:" D "'--._b\-l.’
TEST_MODE JITTER SIGN
CLK_MODE M_RESET_
l Vernier Ring
Y _ START Oscillator ¥
Self-Refereed @g—oﬂ
x Ring Oscillator 1 Phase Detector
DIV_CLK >

] Frequency Divider "

CLK (+16)

A 4

Ring Oscillator 2
¢ Counter 110 >

? 4 P COUNT
CONTROL

A\ 4

Fig. 4-1 The architecture of the proposed BIJMuiirc

- 49 -



Fig. 4-1 shows the architecture of the proposel-bujitter measurement (BIJM)
circuit, and it is composed of five blocks, a Freqey Divider circuit, a Self-Referred
circuit, a Vernier Ring Oscillator (VRO) circuit, Rhase Detector (PD) circuit, and a

10-bit counter circuit.

=
a2
E § ) a %
= =
Zz Z a & x E -
2 8 S 4 % 228
Q Q 5 > QO » »n =
VSSPAD
P @ RESET
DL 1 Divider
DIV_CLK CC\ Controller
‘all VSSC
VSSPAD LOCK
COUNTJ|2]
< VDDC
VSsC VRO @@= CLK MODE
COUNT|3] /‘ VSSPAD
VDDC -‘ PD CLK OUT
COUNTI4] | VDDPAD
. ' ' ' I @@=  Input
o) Eg E % S = = E Output
- e U A o - o n
C A o 9 o o = Pad Power
¥ A = @ & & =4 ~
= > a » @ - [ [ I B Core Power
z &) z z z =
(@) (@) o o @)
Q Q Q o

Fig. 4-2 The proposed BIJM chip floorplanning af@ planning

Fig. 4-2 shows the chip floorplanning and 1/O plagnof the proposed built-in
jitter measurement (BIJM) without mathematics operablock. Then, the detalil

description of the 1/O is shown in Table 4-1.
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Table 4-1 Chip 1/0 PADs description

I nput Function
RESET Set chip to initial
CLK 1 Input test clock
CLK_MODE 1 Set the test clock
Value Clock type
0 Input clock
1 Divided clock
TEST_MODE Set the measured mode of BIJM
Value Modetype
0 Calibration mode
1 Normal mode

CONTROL « Adjust the resolution of VRO

Output Function
CLK_OuT ot lnput‘festglock through 1/O pad
DIV_CLK i°"__ {Divided clock with ratio 16
START .| [ | Thebeginning point of measurement
STOP . .* I The'end point of measurement
LOCK .| .ccDL phase lock
M_RESET /7| Meastired reset
COUNT - Jitter counter
Power Pad ' Functions
VDDC+VSSC CORE Power Pad
VDDPAD+VSSPAD Pad Power Pad
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Fig. 4-3 The n'q_icrd_photpgraph Qf_ipreposed BIJM dircu
A i

Fig. 4-3 shows the mié{ophdto\(j'r'ébﬁ the I,flproposed\/IBthip. The chip is
| 7 ]

A e \ ! . . .
fabricated by UMC 65nm stahdard performance CMO&gss. The chip size is
0.644um x 0.644um, and the core size is 0j@h% The layout can be divided into
CCDL, Controller, Divider, VRO and PD, respectivebnd the gate count with a

2-input NAND gate is 1749.
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4.2.2 Simulation Results

4.2.2.1Cycle-Controlled Delay Line

The counter in CCDL circuit has 8-bit, and the pérbf the ring oscillator is
2.22ns. Then, the delay range that the CCDL circait overlap is shown in Table

4-2.

Table 4-2 The step of the CCDL circuit in typicake

wiclk) 0. 00w

wiccdl clk) 9. 63u¥

viring_out) 678, Im¥

codl_code[7:0] 1] Tl

Fig. 4-4 The simulation result of the CCDL circuit.

Fig. 4-4 shows the simulation result of the cyabetcolled delay line (CCDL),
and it is simulation in UltraSim MS mode. The pdraf input clock is 160ns and the
frequency of input clock is 6.25MHz, and the inpldck injures jitter model. From
the period of ring oscillator 2.22 ns and the ceuri?1”, we can acquire the delay

time is “157.62ns".

-B53 -



4.2.2.2Vernier Ring Oscillator

The signal CONTROL is used for adjusting the resotuof the vernier ring
oscillator (VRO) circuit in calibration process,dathe CONTROL has 4-bit.

Table 4-3 The resolution of VRO in typical case

CONTROL Period of OSC1 (TT) Period of OSC2 (TT)
00 2.956 ns 2.868ns

01 2.978 ns 2.884 ns
10 3.006 ns 2.906 ns
11 3.022 ns 2.927 ns

Table 4-3 shows the period of the two ring osailiatin TT corner, 1.0V, 2%,

and it is simulated in UltraSim MS rw)‘q'é\\The resoluof VRO in process, voltage,
|
II// i

and temperature (PVT) variationsiis sh'éwn r‘m Ei§. 4

. — ks

. .
i1

0.25
0.2 .
‘E A\
< 015 \ A
1]
=
= _._-IT
o 01 7/ >a A
O == 55
o
0.05 : _ FF
4
0 T T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
CONTROL code

Fig. 4-5 The comparison of the VRO resolution inTPV

Fig. 4-5 presents the comparison of VRO resoluitoRVT variations, and it is
simulation result in UltraSim SPICE mode. The @ratpresents the TT corner, 1.0 V,
25°C, the square represents the SS corner, 1.2¥, &d the triangle represents the
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FF corner, 0.9 V, 12%, respectively.
4.2.2.30verall Architecture

The input clock frequency is limited by the cyclaatrolled delay line (CCDL),
because the period range of one-period delay cluatkthe CCDL circuit is finite. In
addition, the measured range of the proposed iouijtter measurement (BIJM)
circuit restricts the period of the upper ring dator (OSC1) in vernier ring oscillator
(VRO) circuit. If the jitter is larger than the ped of “OSC1”, the BIJM circuit
doesn’t measure correctly. In simulation resule, ninimum input clock frequency is
1.767 MHz (period is 566ns) if we test the inpwtad jitter. Then the minimum input

clock frequency is 28.26MHz (period}iTQS.BS nsyvé test the divided clock signal
)
with divide ratio (16). Besides, t_b,e/inpUt and,thuetput clock frequency are restricted
o N
by the 1/O pad operationa?{quenpy', _ét_nq\th'_t_anr\nagc_im{i}bnt clock frequency is about

| E—

333MHz (period is 3ns). "“-\? I E o l _/’Jf

CLK_MODE

TEST_MODE

TEST_CLK

| |

SAMP_CLE

STRRT

STOP

i |
UTUULUTUUUTUT U T A A A A
UL UL UL L LA LT A LT

256 lZSSlZSQlZS]IZEZ 261 |250|240|248 (247 245124512441243‘242‘241 240|239 (238|237 |236 ZREIZ]AIZ]]IQ]ZIZBIIZRD 200288 (227|226 | 225 224‘223 256

=

0scl

- ==

08C2

COUNT[9:0] 256 | |2

3
n

M_RESET_ 1

Fig. 4-6 The timing diagram of the proposed BlJktait in normal mode
Fig. 4-6 shows the simulation results of the pregosuilt-in jitter measurement
(BIIM) circuit in the normal mode. It is simulatadth UltraSIM DF mode at normal
case. The input clock period is 4ns, and the divideck period is 64ns. The average
of counter value is “322”, and the resolution of ®Rs 60.61ps from EQ2-8 in

calibration mode. Moreover, the counter value isord “230” in this case when
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“M_RESET_" signal produces a low pulse. The transfation is described as
following equation.
J; =256 — N;| * Ry ro (Eq 4-1)

Where the Nis i-th counter value, the RVRO is the resolution of tHieQ/in
BIJM circuit, and the; isi-th of the jitter.

Therefore, the jitter value is equal to 1.636ns0(8&ps*27), and the real jitter
time is 1.589ns. Thus, the error of the proposelvBdircuit is about 3.5%. However,
the proposed all-digital BIJM circuit can‘t measube jitter of the input clock at
every clock cycle. When it starts to measure thterji it takes several cycles to
calculate the jitter value. Thus, it still needslang time to collect the jitter
characteristic of the input clock. j r\

AN
4.2.3 Chip Measurement F\’*esults

Ereri

\ e /—.— = _‘. f,-'

| E—

The measured mstrurﬁgﬁnts have ronle clock generatwr, oscilloscope, two
‘-.

power supplies, and one Ioglt; analyzer (LA) T!ﬁe power supply is used for I/O

pad power, and the other on‘é‘.cis used for ﬂ:l\é‘;“éblip power. The clock generator
offers the test clock frequency, and the oscillpgccecords the test clock frequency
jitter. Then, the LA instrument is used to colldoe counter output of the proposed

BIJM circuit, and processes the statistic resudtshistogram to compare with the

record jitter from the oscilloscope.
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Measurements | Markers BTG colar Grade | Scales

ét_ 8 hit:-

Fig. 4-7 The Jn;t:ér hlsto\\“am in oscilloscope

Fig. 4-7 shows the jI-‘l’.{thlSthl’ah‘r o\f the meas@wdjed clock frequency, and

the core power is 1.0 V aﬁ{the ‘pad ﬂower is J,fsrhe input clock frequency is
167MHz, and the divided cloqk frequency W|th drl\ddmtlo "16" is 10.42MHz. The

|
RMS jitter value of the d|V|deéI’<é~Iock T;equencyZiﬂ; 7627ps, and the Pk-Pk jitter of

the divided clock frequency is 205.45ps.
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Hit #
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0 i i
-19 -185 -18 -17.86 -17 -16.5 -16

Fig. 4-8 The jitter histogram/ﬁ]FQiured by the psaioBIJM chip

Fig. 4-8 shows the outpug,cduﬁter hlstogfam ofpmposed BIJM chip and those

results are processed by‘the Métnx*tabona(MﬁTLAB) software. In our circuit,
Wl
compare with the input C|OCL\jdtt6f thE' h19hero‘e$¢6n of the VRO in typical case is

worse. Additionally, the range pf/the CCDL c‘{({\mﬂlmlted

Moreover, the resolutlon{fofethe vernier rlng ostdr (VRO) and the offset
generated by the cycle-controlled delay line (CCould affect the accuracy of the
proposed BIJM circuit. In the results, if the jitis smaller than the resolution of the
VRO, it would make the VRO oscillate too many tim@s the contrary, if the jitter is
longer than the period of the OSC1 that the lopgeiod oscillator of the VRO circuit,

it would make the VRO oscillate less cycle timewedver, we can adjust the

environment to observe our measured results.
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(a) Decreasing the core power

LN

125MHz
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Counter

(b) Increasing the core power
Fig. 4-9 The improved measured techniques

Fig. 4-9 presents the improved measured resultsttase adjust the core power.
In Fig. 4-9(a), it decreases the core power tadineg the delay line of the CCDL

circuit for producing one-period delay clock sigmakcisely. In this case, the pad
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power is still set to “1.8 V”, and the core powsrset to “0.9 V”. It measures other

input clock frequency with divided input clock RM#ter less 50ps. It still can

obverse the jitter distribution is normal. Howeveecreasing core power can stretch

the delay line of the CCDL circuit, it also makee tresolution of the VRO lower

relatively. The most important of parameter is riagolution of the VRO circuit in the

accuracy of the BIIJM. Therefore, we increase thee quower for improving the

resolution of the VRO circuit

Fig. 4-9(b) shows the measured result that raisiveg power to improve the

resolution of the VRO circuit, and the pad powestil set to “1.8 V”, and the core

power is set to “1.2 V". It is obvious for increagi the core power to make the

resolution higher. However, raising/gb[/\(er can imerdhe resolution of the BIIM
1N

circuit, but it would shorten th

S

e délay time 'of tBEDL. It should make a balance
- e .,

between the one-period d\é‘tay cgrcuLt:(C\CDL)\ an_di}ﬁantization circuit (the TDC

circuit with VRO structure). 5

| L W ]
Table 4-4 The comparison table of the proposed Biiibuit

Proposed

BIIM

ESSCIRC2005[9]

| E—

| |

JSSC2006[23]

/
-
y

TVLSI2009[11]

ISVLSI2005[18]

TVLSI2010[17]

Technology

65nm

0.13um

90nm

90nm

0.18um

90nm

Architecture

TA (DIV),
TDC (VRO)

TDC(DL)

Interpolate

(VDL)

TDC(DL/VDL)

TDC(VRO)

TA,
TDC(VRO)

Input

frequency

100MHz
~300MHz

100NHz

250MHz

100MHz

3GHz

Area (mnf)

0.0027

0.003

0.24

0.004

0.038

Power (mW)

1.092mW
@(250MHz)

N/A

N/A

N/A

11.4mW
(@ 3GHz)

RMS Jitter
(oscilloscope

/BIIM)

21.76/35.83

2.03/2.0

10.1/6.2

42.7/62.7

Self-referencd
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Table 4-4 lists the comparisons of recent builjitter measurement (BIJM)
circuits. In [9][23], the external reference clotk needed to measure the jitter
performance of the PLL. It is difficult to acquiggjitter-free reference clock, so they
are not suitable for the on-chip jitter measurensglications with many PPLs on a
single chip. In [11], using the the time-to-digitadnverter (TDC) with delay line (DL)
structure as one-period delay has a very limitgditiitlock range, and the TDC with
vernier delay line (VDL) also has limited input clojitter range. In [18] it doesn’t
have a timing amplifier (TA) to enlarge jitter, aitdhas large jitter measurement error.
Then, the [17] using the analog timing amplifieAjTextends the clock jitter, and the
linear region of the analog TAs is easily affedgdorocess, voltage, and temperature

(PVT) variations. o
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4.3The Proposed BIST circuit

4.3.1 Specification

OUT_CLK
REF_CLK| . _

PASS

BIST —

T
/ i Y
Fig. 4-10 The simple architecture of the proposesiTEcircuit with PLL
D RN e
N A e Ny
Wl el | i
Ly S S 4
Fig. 4-10 shows the arch\ﬁxitecfu-reng_.t’hé"proeosdﬂ-iuuself-test (BIST) circuit

\-\.

and all-digital phase-locked Ioé%?:(fADl_?J-_\L) _cirﬂ&%{lhige detail architecture of the BIST
is mentioned in Chapter 3, and the detail archirecof the BIJM with mathematics

operation is mentioned in Chapter 2.
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Fig. 4-11 The proposed BIJM chip floorplanning @l planning

Fig. 4-11 shows the chip floorplanning and I/O plag of the chip, and it

composed ADPLL block, BIST block and BIJM block.er) the detail description of

the I/O is shown in Table 4-5.
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Table 4-5 The proposed BIST chip I1/0O PADs desaipti

Input

Function

PLL_RESET

Set ADPLL circuit to initial

BIST_RESET

Set BIST circuit to initial

REF_CLK

PLL input clock

TEST_CLK

External test clock

CLK_MODE

Set Test Clock

Clock Type

0

Input Clock

1

Divided Clock

TEST_MODE

Set the Measured Mode of BIJM

Value

Mode Type

0

Calibration Mode

1

Normal Mode

BIJM_CLK_MODE

Set the BIIJM Input Clock

Value

Clock Type

-

i 0.

F =

PLL Output Clock

=

External Test Clock

BIST_MODE

7 Set.the BIST for PLL Operation Mode

Test Mode Type

Value
; 0 ".I

PLL Normal Mode

PFD/Controller Test

T SN

Jitter Measurement

3

Frequency Divider Test

SWITCH

Set the Output Data

Value

Data Type

0

BIJM Counter Value

1

RMS Counter Value

VRO_CONTROL

Adjust the resolution of the VRO

M
Output

PLL frequency divider ratio

Function

OUT_CLK

The output of the ADPLL

PASS

The test result of the BIST

DIV_CLK

Divided clock with ratio 16

PLL_LOCK

PLL Lock signal

RMS_FLAG

Calculating RMS finished signal
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BIUM_OUT Jitter Counter/RMS Counter
Power Pad Functions
VDDC+VSSC CORE Power Pad
VDDPAD+VSSPAD Pad Power Pad

Fig. 4-12 The layout of the proposed BIST circuit

Fig. 4-12 shows the layout of the proposed BISTuiir and it is composed of a
all-digital phase-locked loop (ADPLL) circuit, a ikitin jitter measurement (BIJM)
circuit, a built-in self-test (BIST) circuit and mathematics block. The chip is
fabricated by UMC 65nm standard performance CMOG&cgss. The chip size is
0.7441m x 0.744um, and the core size is 0j0#° the Table 4-6 presents the gate

count of the sub-circuits.
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Table 4-6 The gate count of the proposed BIST block

Circuit Gate Count (2-input NAND gate)

ADPLL 4158

BIST 361

BIIM 1749

Mathematics Operation 5275

4.3.2 Simulation in Verilog Behavior Model

4.3.2.1BIST for PF[?/(;ontroIIer

A

Pll_reset
hist_reset
hist mode[1:0]
WTH

unT

flag_up

|
|
r 1
|

oo o e

flag_down - -

Test Finished
doo_code[9:0] a /
BCT_finish @ |
|

polarity
PESS |

-

=

-

w-(f_.-'- - -\-.."\-bv
Fig. 4-13 The simulation result of BIST for PFDtteg

Fig. 4-13 presents the simulation of proposed BfST PFD test in verilog
behavior model. When "BIST_MODE" is set to “01”etproposed BIST circuit will
implement the operation of PFD test. First, thepps®d BIST controller forces the IN
signal lags the FB signal, and the PFD will prodtlee “flag_down” signal and the
"DCO_CODE" is increasing. If the PLL doesn’'t hawailt, the BIST controller will
turn the state of PFD into forcing down test. Theppsed BIST controller make the
"IN" clock signal leads the "FB" clock signal, aride PFD will generate the
“flag_up” signal and the "DCO_CODE" is decreasirithe pass/fail signal will

announce whether the PLL works correctly, and tf&@/Eontroller test finish
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(PCT _finish) signal will announce the BIST for PEIDhtroller test is finished if the

forcing down test passes.

4.3.2.2BIST for Frequency Divider/Controller

pll reset

1
bist_reset 1]
bist mode[1:0] 1 3
bist_m[2:0] 4 B i 1
M[2.0] 5 5
P11 m[2:0] 4
LOCKE s
zvg_doo_code[9.0] 383
_p]:e_FDT_cUde[Q 0] 249
FDT_finish 1

pass i

Fig. 4-14 The simulation result of BIST for freqegrdivider testing

n'l ;
Fig. 4-14shows the simulation I’pSl-[I*t\‘QI‘ BIST for frequenayidkr testing. After

II//
the PLL is locked, the BIST fg_rfréquenﬁy dlv“dE's\ng circuit is staring. It alters the

frequency divider ratio (RLT_ M) from mput‘ frequana:jlwder ratio (M) to the
' | | l."
proposed BIST supplied (BTST M) 'and the ou¢6u11:l&ldirequency will be faster.

Therefore, the controller will ;“ngrease to ob@flj state again. The pass/fail signal
Vi

will announce whether the PLL works correctly, dhd frequency divider test finish

(FDT _finish) signal will announce the BIST for FDuftroller test is finished.
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4.3.3 Summary

No matter the BIST for PFD/Controller circuit orettBIST for Frequency
Divider/Controller circuit, they are standard ddrary to design. It is programmable
for different process.

In this thesis, we use the invasive approach fdt-buself-test (BIST) circuit to
determine the function of the PLL block. We use itigirectly signal to observe the
action of the block, and those extra circuit doesmeak the loop of the PLL. In
addition, the invasive approach is easy to dedmgm the others, and it affects the

initial performance of the PLL slightly.
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Chapter 5 Conclusion and Future

Works

In this thesis, the all-digital built-in jitter mearement (BIJM) is proposed. The
circuit uses a frequency divider as timing amptifend it can solve the bottleneck of
the analog circuits with process, voltage and teatpee (PVT) variations. The
one-period delay circuit with the cycle-controlletelay line (CCDL) and the
time-to-digital converter (TDC) with the vernieng oscillator (VRO) can reduce the

area overhead.

£
In addition, it also implemen/ts/ 'lnz;rhgmatics ojpemablock to calculate the

I' '\-

root-mean-square (RMS):ef fest cIOCk thter In @tah Jltter distribution is normal

e
.sn._ ,,

\
distribution random variables, .and Ithe—RMS vaLuei dine Pk-Pk value are the
important parameters in norimal dlstnbutlon Th}aref we can calculate the RMS
jitter to determine PLL in jitter h}/éasurement%@rovmg moving average method

is proposed to reduce the number of registersdoreising the area overhead.

This thesis also proposes an all-digital built-gif¢est (BIST) circuit for an
all-digital phase-locked loop (ADPLL) including tesy PFD/Controller circuit and
testing frequency divider circuit. Although theydaelxtra circuits and catch internal
signals, they don’t modify existing circuitry. Thube proposed BIST circuit doesn’t

break the PLL loop, and slightly affects the parfance of PLL.

From the experimental results, we would adjust rsolution of the built-in
jitter measurement (BIJM) circuit higher and sthetthe delay line of the

cycle-controlled delay line (CCDL) circuit to impre the accuracy of the test circuit.
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Besides, we would test the others block of the glhasked loop (PLL) to determine

the PLL performance such as digital-controlled ketcir (DCO) circuit.

Memory
1/0 [ _DRAM | 1/0
PAD CDR [ SRaM ] PAD
CPU
1/0 |__DPRAM | 1/0
PAD

PAD
/0 PLL2 OSC ‘ /0

L
PAD SoC | pLL1| [PLL3 [PIPAD

Clock Generation

Fig 5-1 The future work for multiple ADPLLSs testing

The PLLs are always utilized tcyergrate variooslickrates for memory and 1/O
1IN
interfaces, and a chip has mor_g,f/c;ne PLL. ‘Howevezach PLL uses own built-in
T .
self-test circuit, it would e}'ékgtjlar,ge _égr_e_a‘- qumemﬁefore, we hope to design a

BIST circuit for the multiple"RL_L'-aippligatfigrll__ag:mnpfin Fig 5-1.
L 9 . |
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