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Abstract.

Soma

A feasibility study of design-for-testability (DFT) of a voltage controlled crystal oscillator with built-in

MOS switches to increase its observability and controllability is presented. The primary aim was to assess to w
extent the operation of the circuit is changed when the switches are introduced. The possibility of non-destruc
localization of faulty components in the provided test modes and the temperature/frequency characteristics mea:
ments are briefly described. Finally, on the basis of the presented experimental work, a design-for-test procedur
crystal oscillator circuits is summarized. The work was performed in a development phase of a voltage control

temperature compensated crystal oscillator.
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1. Introduction

The growing complexity of integrated circuits, min-
imization and the advent of surface-mounted device
(SMD) technology make the problem of testing the as-
sembled boards more and more difficult. Design for test
(DFT) techniques are employed to keep the complexity
of tests at a reasonable level.

DFT in digital domain is a mature research area with
established general guidelines and well-known practi-
cal solutions [1-3], some of them even standardized,
like for example IEEE standards 1149.1 and 1149.5.

On the other hand, analog DFT is still emergent
[4, 5], and as noticed in [6], the general problem of
DFT for analog circuits is almost certainly intractable.
Hence itis more realistic to expect partial solutions suit-
able for specific classes of circuits. A number of such
DFT solutions have recently been proposed [7-10].

In this paper we present a feasibility study of the
design for test of a voltage controlled temperature

analog circuits, crystal oscillators, design-for-test, fault diagnosis

compensated Pierce crystal oscillator with built-in
MOS switches which are used to increase its con-
trollability and observability. By introducing the DFT
switches a circuit can be partitioned into parts that can
be easily tested and faultisolation can be accomplished
at the level of individual circuit components. How-
ever, an important question is if the impact of the DFT
switches can be compensated so that the circuit oper-
ates within the specified tolerances. An experimental
study of the impact of the DFT switches on the oper-
ation of the oscillator circuit is the main issue of this
paper. The conclusions of the study are summarized in
a general design-for-test procedure.

The paper is organized as follows. In Section 2, the
oscillator circuit designed for testability and diagnos-
ability is presented and the test modes correspond-
ing to the selected switch positions are described. In
Section 3, the impact of switches on the operation of
the oscillator within the specified temperature range
is studied and experimental results are given. The
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localization of faulty passive components in the oscilla- Ve
tor circuit is discussed in Section 4. Measurements of | vcrcxo Voltage
regulator

frequency/temperature characteristics of crystal units
are described in Section 5. In Section 6, the design-

for-test procedure for crystal oscillator circuits is sum- R"? A owpue | |on,
marized, and finally, in Section 7, concluding remarks o ol f| bufter I‘omm

1ICMOS
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2. DFT of Oscillator Circuit

I Ve
The block diagram of a crystal oscillator can be repre-
sented as a closed loop system with an amplifier of an
open-loop gairmA, and a feedback network containing

the crystal with a transfer functigf(w). In order that Vs S
the circuit oscillates, the following conditions must be Ry 2 |jR6
satisfied [11, 12]: S.,_D’—l
1

o the total phase shift around the closed loop must be CﬁZF l_ﬁ []R7 g

an integer multiple of 36Q Vool I 1 : L
e the loop gain at the frequency where the phase re- i Co G

quirements are met must be greater or equal to unity. Icl HRS R T“’

A faulty circuit component may cause improper op-
eration such that the circuit either does not oscillate
or its frequency differs from the expected one. Since
the oscillator circuit is a closed loop system, isolation Conversely, the feedbagkw) as a passive frequency
of faulty components is a difficult task. The applica- selective network and can be regarded in the frequency
tion of the design-for-test methodologies may simplify domain as a filter circuit. Diagnostic conclusions can
the troubleshooting and provide means for automated be drawn from the known transfer characteristics and
diagnostics. measured response to the known input stimuli.

A straightforward idea is to break the closed loop of ~ The application of the above idea has been studied
the oscillator such that external stimuli can be applied in a development phase of a voltage controlled temper-
at some external pin of the modified circuit and output ature compensated crystal oscillator (VCTCXO) de-
observed at some other external pin. Like in [6], MOS picted in Fig. 2.
switches can be employed for this purpose. The situ- Its kernel, the Pierce crystal oscillator (presented
ation is depicted in Fig. 1. If input stimuli are applied with dashed block) is shown in detail in Fig. 3. In
at X; we can observe the response of the amplifier part our case study, switcheg, $, S and$, are used to
of the oscillator atX,. DC and AC responses at sig- open (or short) chosen paths of the circuit. Notice that
nificant frequencies can be used in fault localization. the voltage control input presented scan be used
in the test mode to apply stimuli to the transistor stage
or to observe the response of the feedback path.

Fig. 3. Oscillator with the DFT switches.

Sa
>§1 o | A )52
| 2.1. Test Modes
S, The circuit operation can be analyzed in the following
modes:
— > PBlo)

e Normal Mode: (S, ON, S OFF, & OFF, S, ON),
Fig. 1. Block diagram of an oscillator. operation of the oscillator circuit is measured,



e Test Mode 1: (S OFF, S, OFF), feedback cut off,
analysis of the amplifier part. It comprises the fol-
lowing cases:

1. (S OFF, S OFF), R is measured at the output.

2. (33 ON, S; OFF), values ofR;/Rg and Ry; are
verified at the input.

3. (3 ON, S; ON), Rs/Ryp is determined by DC
analysis. Since the value B has been measured
in test mode 1 (case 1) the value Bfp can be
verified.

AC analysis is performed to measure operating

conditions of transistor loaded I63.
e Test Mode 2: (S, OFF, S ON, S, OFF), analysis

of the feedback circuit, crystal unit disconnected. It

comprises the following two cases:

1. (3OFF),Rs || Rois measured. Sind&s; has been
verified in test mode 1Ry is verified.

2. (33ON), frequency characteristics of the RC feed-

back path is measured. Values®@f, C,, andCg
are checked.

Some Further Details on Test Mode 2.The equiv-
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that sinceRs, « R || Rg, its impact is negligible and
hence omitted in Fig. 4. Since in our caBe > R
andRg, Rs > Rs,, RsandRg are presented & || Ro.

3. Analysis of the Impact of the DFT Switches

The components of the crystal oscillator circuit shown
in Figs. 2 and 3, are related by:

3 <15
TG T
10111
C. C C, GCs

wheregp; is the transconductance of the transisgpr,
is the load seen by the collector afy is the load
capacitance of the crystaC,, C,, Cs refer to the ca-
pacitances in Fig. 3.

The above gain and phase shift relations have been
obtained following the approach of derivation of the
Y-parameter equations for the Pierce oscillator given
in [11]. The upper and lower bounds of the gain re-
lation have been chosen in accordance with practical

alent circuit of the oscillator in test mode 2 (case 2) estimation of the overall loop gain value.

is shown in Fig. 4. Its transition functiokl (s) =
Vout(S)/ Vin(S) is given by:

H(S) = 1 1
~ RgRiCiCy RietR
s R11C1C2 <S+CISR78R1111)
S
' 2 C2Reo+CsReo+ Ry Ca 1
(S S R C2CaRes Rg; C2C3Reo )

where Rzg denotesR; || Rg, and Rsg denotesR; || Ro.
The impedance of a switc§, denoted byRs, when

turned ON can be modeled as a pure resistance for lower ) _ ; )
f. be provided in the values of capacitances to meet in

frequencies. At higher frequencies, the capacitive e

fect of switches in ON and OFF positions should be

considered as an additional part@f andC,. Notice

Vi :Rn Ca”_% Vour
o Too o Ure

Fig. 4. Equivalent circuit in the test mode 2, case 2.

Any changes of the parameters in the above expres-
sions obviously impact the operation of the oscillator.
In the worst case the closed loop gain may decrease to
the point where the circuit cannot oscillate. Otherwise
if the total external capacitance to the crystal differs
from the specifiedC,, the circuit oscillates at some
frequency different from the nominal one.

In practice, the values of the components normally
vary within the specified tolerance ranges. In the pro-
duction process of oscillator circuits with the require-
ments of frequency tolerances lower than the tolerances
of the crystal units at 2%, an adequate reserve must

a simple way the condition for the oscillation at the
nominal frequency. In our case, the initial valueGsf

is designed below the value computed from the above
expressions. The final adjustment is accomplished by
increasing the value .

The DFT switches contribute to the changes of the
parameters and hence affect the operation of the oscil-
lator. In the following we study the operation of the
oscillator with inserted DFT switches in order to in-
vestigate whether the normal circuit operation can be
restored.

Experiments have been performed a 4 MHz
and a 16.384 MHz oscillator implemented on a FR4
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laminate (which is a common substrate for printed cir-  Experiments have shown that the circuit with in-

cuit boards) with SMD components. In both cases, serted DFT switches oscillates. The change of the fre-
transistor BFS17 and varicap diode BB619 were used. quency of oscillation must be considered early in the
Inserted CMOS switches were of the type HEF 4066 B. design ofthe circuit. In our particular case the oscillator
At this stage, temperature compensation part has notcircuit has been first adjusted to oscillate at its nominal

been included.

Temperature stability (in the range of 0<8) of the
employed 4 MHz crystal ist20 ppm, and that of
16.384 MHz +3 ppm, respectively. Measurements
of the circuit operation have been performedTaty
of 25°C &+ 2 degrees, where frequency tolerance is bet-
ter than+10 ppm (for 4 MHz crystal unit), and-5
ppm (for 16.384 MHz crystal unit), respectively.

By introducing switchesS, and S, to the 4 MHz
oscillator circuit the frequency decreased for approx.
112 ppm (measured at the MOS supply voltagg =
5 V), and for approx. 106 ppm (App = 15 V). If
only switchesS; and S, were inserted, the frequency
decreased for about 20 ppm (#p = 5 V), and 9
ppm (atVpp = 15 V). Finally, if all four switches
were inserted the frequency changed£fdr37 ppm (at
Voo = 5 V), and for—113 ppm (atVpp 15 V),
hence the effect of switches seems to be cumulative.

frequency and then the DFT switches were inserted.
The frequency change has been compensated for by
decreasing the value @f,.

Precautions must be taken to minimize the effects of
the DFT switches in the feedback path which results in
achange of the gain and in a phase shift. The capacitive
character of a switch becomes more important at lower
values ofC,_ and higher pulling sensitivity of the crystal
unit. Some designs of oscillator circuits may also be
sensitive to the switch leakage current. Further work on
thisissue can be directed considering [13—15]. Besides,
at higher frequencies, a decrease in the OFF isolation
may also become the limiting factor on the performance
[15]. In critical applications, frequency stability can
be achieved by employing more sophisticated switches
like the 1H5140 (or AD7510) series [13]. JFET DG181
is also under consideration.

The changes in the ambient temperature affect the

Further experiments have been done in the case offrequency of a crystal oscillator. Among the circuit

16.384 MHz oscillator. AtVpp = 5 V the circuit did

not oscillate, due to the impact of the inserted switches
at this frequency. By increasing,p, the circuit oscil-
lated stable aV¥/pp above 9 V, where the resistance of
the switchRgy falls to about 90 ohms. Afpp = 15V
(Ron = 60 ohms) the circuit oscillated withir100
ppm which falls within the range of the measurements
of the 4 MHz oscillator.

elements, the crystal is most sensitive to the changes
in temperature, however other components can also
be affected. Some measurements of oscillation fre-
guency at various temperatures have been performed.
Figure 5 depicts the frequency/temperature character-
istics for the 4 MHz oscillator without DFT switches,
and with inserted DFT switches in the temperature
range 0-50C. Natice that the oscillation frequency in

Table 1 presents the measured frequency of the the case with DFT switches is about 450 Hz lower, yet

16.384 MHz oscillator as a function of [DD] of
the inserted DFT switches. The frequency of the
circuit before any DFT switches were inserted was
16.383 993 MHz.

Table 1 Measured frequency of the oscillator circuit:

16.38 MHz+fj,i =0, ..., 3.

Voo [V]  fo[Hz] fi[Hz] f2[Hz] f3[Hz] AF [ppm]
10 3993 2777 3820 2329 —-101
15 3993 2837 3844 2386 —-98
20 3993 2903 3862 2423 —96

These terms are used in the table above:

Vbp: MOS supply voltage.

fo: Frequency of oscillator without switches.

f1: Frequency of oscillator witls, S.

fo: Frequency of oscillator witlss, &.

f3: Frequency of oscillator witls, S, S5, &.

AF: Frequency change when all the switches are employed.

the shapes of the curves in both cases closely resemble.
(Note that the left and the right hand scales are shifted

oscillator 4 MHz
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Fig. 5. 4 MHz oscillator: frequency/temperature characteristics.
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Fig. 6. 16.384 MHz oscillator: frequency/temperature characteris-
tics.

against each other by 445 Hz.) By varying the value
of C, the curve corresponding to DFT switches can get
close to the original (without DFT switches). From this
point, the temperature compensation can be realized in
the same way as without DFT switches.
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Fig. 7. Simulated feedback path characteristics (test mode 2,
case 2).

Athigher frequencies, the difference becomes apparent
(for example, 7 deg. at 1 MHz).

Simulations indicate that by taking precautions in
reducing parasitic capacitances and proper load adjust-
ments the difference is supposed to lie within 0.5 dB at

The same measurements have been repeated with th@ain of —20 dB.

16.384 MHz oscillator. The results are shown in Fig. 6.
(The left and the right hand scales are shifted against
each other by 500 Hz.) Again, the change of frequency
can be compensated for by varyi@g. The impact of

Some further steps have been taken toward a fault
dictionary approach on the basis of the simulated para-
metric faults of capacitors. In the following we present
the simulation results for the cases of faulty capacitor

switches at higher temperatures affects the shape ofCs and faulty capacito€;.

the curve more than in the 4 MHz case. However,
the temperature compensation from this point is feasi-
ble and can be done similar to the case without DFT
switches.

4. Localization of Parametric Faults

in Passive Circuit Components

By applying test modes 1 and 2, localization of para-
metric faults of resistors is straightforward.

Feedback path analysis is used in localization of
parametric faults of capacitors. Here, the impact of
the DFT switches on the gain and phase characteris-
tics must be considered. Simulation results (where the
switches were modeled as pure resistances) are showr
in Fig. 7.

The impact of switches becomes apparent at frequen-
cies above 2 MHz. Measurements of the prototype
circuit fit closely the simulations (maximum gain dif-
ference<1 dB at gain of~60 dB). At frequencies up to

Faulty C;. Figure 8 shows gain and phase character-
istics in test mode 2 (case 2) for the simulated val-
ues ofCz: 35 pF (hominal) and:30 pF (simulated
parametric fault). The same situation is depicted in
Fig. 9 for the simulated values @f; in the range of
35 pf—350 nF.

~10.00

180.0

-20.00

128.2

- 30pF

Gain (dB)

Phase (deg)

-40.00

-36.9

-50.92

~1¢8.2

-60.00

-1680.0

20K 200K 2en

Frequency (Hz)

10 MHZ, max. galn dlﬂ:erence |S abOUt 1.5 dB at galn Of F|g 8. Test mode 2 (Case 2)’ simulated Va|ue§@f 35 pF (nom_
—20 dB. Phase difference is negligible up to 500 kHz. inal) and+30 pF.
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Fig. 9. Test mode 2 (case 2), simulated value€egin the range Fig. 11 Test mode 2 (case 2), simulated valueCgfin the
from 35 pF to 350 nF. range from 1 pF to 220 nF.
~10.00 —T T Ga T % It should be noted that the above fault isolation refers
L to the faults manifested at the ambient temperature
.00 DX o8- 25+ 2°C. This is the reference temperature at which
1T N the crystal measurements are made according to the
3000 *\%"g‘ ®o = standards [16, 17].
o 2 . . .
H H 3 Although we have focused the discussion primar-
% 1000 LS [ %o & ily on parametric faults, presented test procedure also
+ proved to be effective in isolation of some other as-
50,06 -108.0 sembly errors (i.e., missing components, short circuits,
wrong polarity, mostly manifested as hard faults).
a0 (L LTI -180.0
2K 20K 200K el 20
Froauency (fz) 5. Measurements of Frequency/Temperature
Fig. 10. Test mode 2 (case 2), simulated valueCef 110 pF Characteristics of Crystal Units

(nominal), 1 pF and 220 pF.
For the final product, the operation of the oscillator cir-
Faulty C;. Figure 10 shows gain and phase character- cuit within the whole specified temperature range must
istics in test mode 2 (case 2) for the simulated values be considered. The changes in temperature can affect
of Cy: 110 pF (nominal) and the simulated paramet- the value of any of the components which comprise the
ric faults: C; = 1 pF andC; = 220 pF. The change  oscillator circuit. If these component variations do not
of the characteristics whey was varied from 1 pF  cancel each other, a change in the nominal operating
to 220 nF is shown in Fig. 11. frequency of the oscillator will result. The frequency
determining component most severely affected by any
In practice we expect that most parametric faults lie temperature change is the quartz crystal [11].
close to the nominal values of capacitors (which isa  Temperature compensation is employed in order to
reasonable assumption for discrete implementations). keep the frequency/temperature characteristics within
Presented simulations have been performed for wider the specified tolerances. In our case, analog tempera-
ranges of values primarily in order to observe the trends ture compensation with multiple termistor-resistor net-
of the changes of curves. Given fault can be associatedwork was used to generate the required characteristics.
with a specific gain-phase relationship evident from  Temperature measurements of the assembled os-
the simulated curves. Feature extraction of function cillator circuit are performed in order to obtain the
behavior is supposed to provide the main information necessary data for temperature compensation (i.e., for
of the fault dictionary. Besides, model-based diagnosis computation of the values of the elements of the cir-
techniques can be employed in the test mode 2 for the cuit for temperature compensation). At the same time,
isolation of faulty capacitors. the oscillator frequency/temperature characteristics are
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measured. For those oscillators exhibiting abnormal- temperature chamber. Notice that the characteristic of
ity such that the frequency/temperature characteristics the oscillator already exhibits a strong temperature
can not be successfully compensated we proceed withdependency, thus indicating that there is something
fault isolation procedures. wrong. The goal of the test procedure now is to identify
Since we have eliminated possible faults manifested whether this is due to a defective crystal. In the figure,
at the ambient temperature we now primarily concen- characteristic of the oscillator circuit at the ambient
trate on the verification of crystal units. Measurements temperature with a varying temperature of the crystal
of the working frequency of the oscillator circuit at unit (Peltier) is given together with the characteristic of
the ambient temperature 252°C are performed while  the crystal unit provided by the manufacturer (crystal).
changing only the operating temperature of the quartz A frequency dip is detected at 4580 The mea-
crystal in the specified temperature range. If the re- surement graph (Peltier) shows a frequency dip shifted
sulting characteristics exhibit frequency dip(s) at the from the measurements in the temperature chamber
same temperature(s) as the noncompensated oscillatoprobably due to the temperature measurement impre-
circuit, it is very probable that the crystal unit caused cision presented by the graph (Peltier). The frequency
the abnormal circuit operation at those temperatures. dip in the frequency/temperature characteristic of the
A Peltier element is mounted on the crystal’'s metal crystal unitwas confirmed by simply replacing the sus-
case to change its temperature in the specified rangepected faulty quartz unit (unit 18) by a known-good
(in our case: 0-5(C). At the same time, the actual crystal (unit 25). The resulting characteristic is shown
temperature of the crystal is measured by a Pt 100 re-in Fig. 13. More experimental results are reported
sistor also mounted on the crystal’s case. In order to in [18].
get an adequate thermal contact, thermal conductivity  In our case study, crystal units supplied by different
paste is employed. Although this measurement is not manufacturers have been tested on the oscillator circuit
exact because it lacks the temperature stabilization of as described above. 14% of them exhibited frequency
the crystal unit and the effects of the temperature of dip in the specified temperature range which could not
the environment cannot be completely eliminated, the be adequately compensated (due to the frequency sta-
method gave satisfactory results that were later con- bility requirementst1 ppm). From the specifications
firmed by comparison with the known-good crystal of the crystal units provided by the manufacturers one

units. normally does not expect such situation. If the prob-
In the following, an example is given to illustrate the lem arises, crystal units exhibiting frequency dip can
approach. be easily isolated by the described approach. The prob-

Figure 12 shows the frequency/temperature char- lem can be solved by the additional requirements to a
acteristics of a crystal oscillator measured in a crystal manufacturer for factory inspection test at more

Oscitlator 18

Oscillator 18
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)

4050 Peltier r 4050

F+16.384.000HzZ

Osc 18 with crystal 25
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"
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5
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Fig. 12 Frequency/temperature characteristics of a crystal oscil- Fig. 13 Temperature compensated crystal oscillator after the re-
lator with frequency dip at 45-5C. placement of the suspected faulty quartz unit.
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temperature points which obviously rises the price of frequency of oscillation. By considering their impact
the crystals. in the early design phase the circuit can be made to

Notice that the above measurements have been per-operate within the specified tolerances. Initial results
formed on the oscillator circuits without DFT switches. confirm the advantage of the proposed approach in the
The same procedure can be applied to the circuits with prototyping phase. In our particular case, the cost of
DFT switches. the additional DFT switches represents about 2% of the
total cost of the components of the circuit. The num-
ber of switches and their positions in the circuit were
chosen such thatthey provide for easy and effective iso-
lation of the possible faulty components. Minimization
of the number of the DFT switches remains a subject
of further work on this topic.

It has been shown that for the oscillator circuit de-
signed for testability in our case study, the selected
test modes provide for easy localization of parametric
faults of resistors. Parametric faults of capacitors can
be isolated in different ways, for example by a fault-
— Provide adequate reserve gain to function with dictionary approach or by a model-based diagnosis.

maximum-resistance crystals plus the resistance  |nthe design and prototyping phase, some additional
of the DFT switches. measurements are often needed to distinguish possible
— The capacitors of the oscillator circuit are nor-  frequency dips of the crystal unit from the other causes
mally designed such that the impact of inputand of improper circuit operation. An approach to a fast
output short circuit capacitances of the transistor and non destructive verification of the operation of a
and stray capacitances is minimized. In the cal- crystal in a given oscillator circuit for the specified
culation of the values of the capacitors consider temperature range has been described. The approact
also the impact of the added DFT switches. gave satisfactory results that were later confirmed by a
comparison with the known-good crystal units.

On the basis of the performed experimental work
— Insert the DFT switches to separate the (pas- we have summarized a design-for-test procedure for

sive) frequency selective part from the (active) crystal oscillator circuits. The proposed procedure is

amplifier partin the way thatboth parts canbe ac- described in a general way to cover other types of crys-
cessed from the existing external terminals. Oth- t5] oscillator circuits.

erwise, additional external test point(s) must be
provided.

— Optionally provide for the measurements of the
frequency/temperature characteristics of crystal
units. Consider physical constraints in accessing
crystal unit mounted on the oscillator circuit.

6. Design-for-Test Procedure

On the basis of the presented experimental work we
summarize the design-for-test procedure for crystal os-
cillator circuits as follows:

e Design the oscillator circuit in accordance with the
required specifications and verification of its opera-
tion.

o Modify the oscillator circuit for testability.
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