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Abstract— This paper presents an analog checker whose error thresh-
old can be adaptively adjusted according io its input signal levels. In
addition, the proposed circuit can be programmed to implement dif-
Jerent adaptive schemes. Factors that affect the stability and accuracy
of the proposed design are investigated. Finally, simulafion results are
presenied.

Keywords — adapfive error threshold, analog checker.
[. INTRODUCTION

Analog checkers are frequently used in analog testing ap-
plications. An analog checker has two analog inputs and one
digital output. Tts output switches from one logic value to the
other when the difference between checker inputs exceeds the
range of [V, V], where V; is referred to as the checker error
threshold. Based on the relation between the error threshold
and the input signal magnitude, analog checkers can be cat-
egorized into three groups, which has constant, relative, and
adaptive error thresholds. As illustrated in Figure 1(a), a con-
stant error threshold does not change its value at different input
signal levels. In the figure, we assume input signals are cen-
tered at the signal ground level V;, and the maximum peak-to-
peak value of the inputs is 2 - V4, where V4 is the maximum
magnitude of the input signal. In the relative error threshold
scheme, the error threshold is proportional to the input sig-
nal magnitude, as seen in Figure 1(b). Finally, the adaptive
error threshold scheme of an analog checker is depicted in Fig-
ure 1(¢). If the input magnitude is smaller than a pre-selected
voltage Vi, the checker has a constant error threshold. How-
ever, if the input magnitude is greater than Vi, the checker
switches to the relative error threshold mode. For the conve-
nience of discussion, we refer the region that the checker has
a constant threshold as the flar band region. Vg is called flat
band voltage, and the ratio of Vg to V)4 is defined as flaf band
rafic.

Previously, various analog checkers with constant error
threshold have been proposed [1] [2] [3] [4] [5] [7] [8] [6]
[9]. Advantages of using relative or adaptive error threshold
checker in analog testing and the corresponding circuit imple-
mentations are discussed in [5] [11] [12] [13]. In this work,
we present a novel design of analog checker with adaptive er-
ror threshold scheme. Compared to previous designs, our pro-
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Fig. 1. DIFFERENT ERROR THRESHOLD SCHEMES.

posed circuit can be more easily optimized for different pa-
rameters associated with the adaptive error threshold scheme.
Closed-form design equations are developed for guiding the
design process to achieve the specified objectives. In addition,
we add programmability to the adaptive error threshold, which
makes the design more flexible in analog testing applications.

The rest of the paper is organized as follows. Section 2 de-
scribes our proposed design. Section 3 discusses design con-
siderations of the circuit. Section 4 presents simulation results
and the paper is concluded in Section 5.

II. PROPOSED DESIGN

The proposed circuit consists of two components. The first
component is a window comparator circuit whose threshold
can be programmed through its biasing current [14]. The sec-
ond component is an adaptive biasing circuit, whose output
current varies according to its input signal level. The design of
these two components is described as follows.

A. Comparalor circuit

The comparator circuit, as shown in Figure 2, is comprised
of a differential input pair and four current mirrors. Transistors
Ny and N constitute the differential pair. PMOS devices £ ~
F;, which have the same size, implement two sets of PMOS
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current mirrors. Transistors N4 and N7, N5 and Ng, realize
two NMOS current mirrors with a current gain of e (the size of
Ng and Ny ism times larger than that of Ny and N5). Assume
the current flowing through N3 is T,. When both checker inputs
are at the same level, N1, Na, Ny, N5, and 4 ~ PG are in their
saturation regions; and all the currents flowing through these
transistors are 1—21’ Ng and N7, working in their linear regions,
pull voltages at nodes A and B close to ground, driving the
checker output to logic 1.

When there is a difference at the two inputs, e.g. checker
input V;,,1 becomes larger than input V2. The currents flow-
ing through N7 and No become % + ¢ and % — ¢, where ¢ is
the current variation caused by the difference between checker
inputs. When £ ¢ > 2+ (& — 1), the voltage at node A is
pushed close to Vpp and node B to ground, hence, the checker

output switches to logic 0.

Fig. 2. PROPOSED COMPARATOR SUB-CIRCUIT.

Assuming that Ipgs and Vg relations of Ny and N3 fol-
low the perfect square-law, the checker error threshold can be
derived as:

B I . e m—1.,
Ve\/#n'cox'(W/L)Nl,Q \/1 ! (m+1) (1)

Where ., is the carrier mobility; C,,.. is the transistor unit gate
oxide capacitance; and (W/L)n1 2 is the size of Ny and No.

The above equation shows that the checker error threshold
is proportional to the square root of its biasing current. To
achieve the proposed adaptive error threshold scheme, we need
a biasing circuit that behaves as follows. When checker inputs
are small, (in the flaf-band region) the biasing circuit has a con-
stant current output. However, when checker inputs are large,
the output of the biasing circuit is proportional to the square of
the input signal magnitude.

B. Programmable adaptive biasing circuit

The proposed biasing circuit is given in Figure 3. Tt includes
three current generation blocks, labeled as U7y, Us, and Us.
Transistors Myg- M3y generate the output biasing current ac-

2

cording to the following equation.

Inin  for Vg — V<V, <V, +Vy
I = w- I, for Vi, <V —V; (2)
w- I, for Vi >V + Ve

Where I, and I, are the outputs of U/; and Us respectively. w
is the scaling factor that is controlled by programmable inputs
a and b. When checker input V,, is within flat band region,
w - I, (or w I,) are smaller than I,.4,. Inthis case, transistor
Mis will drain current to make sure I, = I, Hence, the
checker has a constant error threshold.

Pl

Thermo F2
b encoder

Fig. 3. PROPOSED ADAPTIVE BIASING CIRCUIT.

When V3, is greater than signal ground level Vg, Mz in Us
is off and My in U/; conducts current. After V;,, leaves the flat
band region, [,, becomes larger than [;,,,. Subsequently, M5
is off and Iy = I,,. In the design, I is very small and all the
transistors in {/7 are in their saturation regions. Thus, f;, which
is the same as Jpgq, can be derived as:

' Co:c ) (W/L)Ml

2 1 + 1. (W /L)
A WD

Where V; is the threshold of MOS devices and A is the gain

of the amplifier used in I/y. Ignoring the term of % in the

above equation, the biasing current becomes proportional to
the square of the input magnitude (Vi,, — V,,). As a result, the

n Vi
I Vi —Veg— ) ®
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TABLEI
SCALING FACTORS FOR DIFERENT ad:é VALUES.

ab | P1P2P3 | w
00 000 0
01 001 1
10 011 2
11 111 3

checker has relative error thresholds. For the same analytical
reasoning, the error threshold is proportional to input signal
magnitude when V;, is smaller than Vg — V.

The programmability of the biasing circuit is realized by
controlling the scaling factor w. A binary to thermometer code
encoder circuit converts 2-bit programming inputs a, b to 3-
bit control signal P1,P2, and P3, which control the status of
Mg, Moy, Moz, Mas, Mar and Mag. The weight factor corre-
sponding to different inputs a and b are shown in Table 1. Note
that when a=0 and b=0, the biasing current output becomes in-
dependent of {/; and Us outputs. Thus the checker circuit has
a constant error threshold.

III. DESIGN CONSIDERATIONS

This section investigates how amplifier gain affects the ac-
curacy of the realized error threshold and addresses the stabil-
ity concern of the proposed biasing circuit.

Amplifier gain requirement: if the % term in Equation 3
is not completely ignored, the expression of Ipgy1 can be re-
written as:

V.
Ipsam ¢ [(Vin = Vigl =2+ (Vin = Vag) - ] #)
where
C _ M Coz . (W/L)Ml (5)
2 1+ 1. (W/EL) i
A (W /L)

Note that the square term (%)? is omitted due to its small

value. Inside the bracket at the right-hand side of Equation 4,
the first term represents the ideal value that will result in a per-
fect current output; the second term represents a linear error
added to the ideal value. Thus, the relative error e of the bias-
ing circuit output can be written as:

2.V
AWV ©

approximated from its definition given by:

| Ip(ideal) — Iy(real)|
B |z {ideal)|

7

It is easy to see that o has its largest value when the input
signal is just beyond the flat band region. Thus, the largest o
can be written as:

2.V 1

Qmar — V_A : ﬂ (3)

We define the relative variation of analog checker error
thresholds as:

Ve(ideal) — Vi (real)
Ve(ideal)

6= | @)
From Equation 1 and 8, we find that to achieve a given & value
the minimum amplifier gain is:

Vi 1

Amin ¥ 7RG

(10)
For a reasonable accuracy requirement, the amplifier gain does
not need to be very high. For example, assuming V4 = V,
R =1/5,and § = 10%, the required gain is around 50. There-
fore, simple single-stage amplifiers can be used in the biasing
circuit. In case that a very small 4 needs to be achieved, a cas-
coded circuit topology can be used to boost the amplifier gain.
The voltage at the amplifier output is very small, which make
it easy to design cascoded amplifiers for this application even
with low power supply.

Circuit stability concern: unlike the window comparator
circuit, the biasing circuit contains closed feedback loops.
Thus, circuit stability has to be considered. For the simplicity
of discussion, we assume that a single-stage differential pair is
used as the amplifier in block U/; of the biasing circuit. The re-
sultant feedback loop is sketched in Figure 4. This circuit can
be treated as a two-stage amplifier configured as a unity-gain
buffer. Note that the above analysis ignores the effect of M3 in
the biasing circuit. M3 can be modeled by an impedance load
as drawn by dash lines in Figure 4. The value of the impedance
is around 1/ g3, Where gp,3 is the transconductance of Msj.
Adding this impedance load to the circuit decreases the feed-
back factor of the loop and makes the circuit more stable. Its
input devices are M,y and M,s; its output is at node Ns. Note
that Vi, signal is treated as a biasing voltage in this analysis.
This circuit has a single dominant pole resulted from the para-
sitics at node Np. The two non-dominant poles caused by para-
sitics at nodes Ny and Nj are far away from the dominant pole
because of the low impedance at N7 and N3 (the impedance
at Ny and N3 are around 1/ g, where gy, is the transconduc-
tance of M5 or My, respectively). Therefore, the phase mar-
gin of the equivalent amplifier is fairly high and the circuit is
stable even without adding phase compensation components.
This conclusion is confirmed by our simulation results. If a
cascoded topology is used, the impedance at Ny will be even
higher and the dominant pole will be further separated from
non-dominant poles. Hence, using a cascoded topology will
enhance the stability of the biasing circuit.
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Fig. 4. FEEDBACK LOOP IN THE BIASING CIRCUIT.

V. SIMULATION RESULTS

The proposed circuits have been implemented using a
0.18 CMOS technology. Transistor sizes used in the design
are given in the schematics. Single-stage differential ampli-
fiers [10] are used in the adaptive biasing circuit. The design
requires a single 3.3V power supply and the signal ground level
is 1.65V.

Figure 5 shows the realized error thresholds for different o
and b values. As the programmable inputs (a and b) vary, the
flat band ratios and slopes of the error threshold in the relative
regions change correspondingly. When both a and b are zero,
the checker has a constant error threshold.

168m

158m £

Thresheld with a=1 & b=1

13Bm £
Threshold with o=1 & b=g

128m [

Threshold with 0=0 & b=0
118m

Thrashald with a=8 & b=1
- \
BN,

B0.8m

Fig. 5. SIMULATED ERROR THRESHOLDS.

Figure 6 shows a transient simulation result in the config-
uration of & = 1 and b = 1. The inputs of the checker are
two sinusoidal signals, which are centered at the signal ground
level with the same magnitude, frequency, and phase. The off-
set voltage of Vi, is 150 mV higher than that of V2. Input
Vin1 is also connected to the biasing circuit to control the bi-
asing current. It shows that this difference is detected by the
checker (checker output is logic 0) when the signal values are
close to the signal ground level. When the inputs are close to
their peak values, the same difference is ignored by the checker
due to its increased error threshold.

Voltage (V)

Checker autput
e

B.G I I 1.8u ‘ ‘ 2.8u I I 3.0u
tirne { s )

Fig. 6. SIMULATION RESULT OF TRANSIENT ANALY SIS.

V. CONCLUSIONS

An analog checker with adaptive error thresholds is devel-
oped. Factors that affect the accuracy of the checker error
thresholds are identified and analytical equations are derived.
The proposed checker is capable of more effectively detecting
circuit faults in analog online testing applications.
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