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A High Bandwidth Switched-capacitor Low-pass Filter and Built-in-self-test
Circuit

student : Chen-Yu Yuan Advisor : Prof. Chau-Chin Su

Department of Electrical and Control Engineering
National Chiao Tung University

ABSTRACT

As IC fabrication technology advances inrecent years, faster and more complex test
equipments are required to achieve test specifications and test functions. An innovative
method to simplify the test equipment 1S ta-move test functions onto the chip itself, which is
called Built-In-Self-Test (BIST). How:to achieve on-chip test function with limited area and

power overhead is the main issue for mixed-signal testing designers.

In this thesis, we accomplish a fully-differential, 140 MHz sampling frequency, 10 MHz
corner frequency, switched-capacitor 4™-order low-pass filter to be the core circuit, which
consists of two cascading biquad filters. Besides, we use the concept about probabilities of a
triangular-wave to implement BIST circuits for the SC filter. In our BIST circuit, it consists of
a 29.2 KHz triangular oscillator taken as test-waveform-generator, a
differential-to-single-ended circuit and a dual-comparator taken as output-response-analyzer.
According to this approach, we can obtain the information on gain error and offset error of

each biquad filters from test results.
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Chapter 1

Introduction

1.1 Motivation

CMOS technology has been growing very fast in recent years, Design of integrated
circuits (ICs) becomes so complex and gate counts become so large. Undoubtedly, faster and
more complex test equipments are required to achieve test specifications and test functions.
An innovative method to simplify the test equipment is to move test functions onto the chip

itself, which is called Built-In-Self-Test (BIST).

Built-in-self-test of digital circuits is a mature methodology now. For example, IEEE std.
1149.1, has defined completely test structure and test functions for on-chip and off-chip
testing of digital circuits, and already be widely used in today’s digital 1Cs. However, for
analog or mixed-signal testing, it is still a big challenge since testability is not yet a precisely
defined term in the analog world. Although IEEE std.1149.4 has defined mixed-signal testing,
it’s still not adopted widely because of the complexity and cost overhead. Design of

1
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mixed-signal BIST circuits, in other words, how to observe and measure accuracy of internal
signals on chip with limited cost increasing, is going to be the main issue for mixed-signal

testing.

Switched-capacitor (SC) circuits are the most popular approach for realizing analog
signal processing in MOS integrated circuits. As filtering technique, SC filters are quite
popular in analog and mixed-signal designs. The replacement of resistors with capacitors and
control clocks not only reduces layout area but also improves accuracy of the design. Accurate
frequency response and good linearity are obtained since filter coefficients are determined by

capacitor ratios which can be set quite precisely on the order of 0.1%.

In this thesis, we accomplish a 140 MHz sampling frequency, 10 MHz corner frequency,
fully-differential, 4™-order SC low-pass filtér. Itiis.implemented by two cascading biquad
filters. Besides, we use the concept about probabilities of a triangular-wave to implement
BIST circuits for the SC filter. According ta this approach, we can obtain the information on

gain error and offset error of each biquad filters.

1.2 Thesis Organization

This thesis comprises five chapters. Chapter 1 introduces the motivation of this thesis
and thesis organization. Chapter 2 introduces mixed-signal testing standard, IEEE std.1149.4
and recent research about BIST of SC filters, and then describes test concepts and equations
we adopted in this thesis. Chapter 3 describes the equation derivation of low-pass filters and
circuit implementation of SC filters, which includes a fully-differential, high bandwidth

2
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operational amplifier. Simulation results of each circuit will also be shown in this chapter.
Chapter 4 describes the architecture of our approach and circuit implementation of BIST,
which includes a test-waveform-generator (TWG) and an output-response-analyzer (ORA).
Simulation results of the BIST and chip layout consideration, placement and implementation
will also be shown in this chapter. Finally, conclusion and future work will be described in

Chapter 5.
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Chapter 2

Background

2.1 Introduction of IEEE.std.1149.4

With increasing density and complexity for ICtechnology, in-circuit test (ICT)
techniques become more costly and difficult to implement. Several electronic system
manufacturers, such as Philips and IBM, have developed an innovative boundary scan method
to improve design controllability and observability. In 1990, the IEEE adopted this approach
as IEEE std.1149.1 and soon it has become a widely accepted DFT technique for digital
circuits. Because IEEE std.1149.1 addressed only digital circuits, designers began developing
equivalent test structures for mixed-signal circuits and corresponding measurement
methodologies. In 1999, IEEE std.1149.4 was carried out for mixed-signal testing. We will

introduce circuits and functions of main blocks for IEEE std.1149.4 below.

Figure 2.1 is the architecture of IEEE std.1149.4. There are 6 pins prepared for test 1/Os.

TCK is the test clock, TDI is the test data input, TDO is the test data output, TMS is the test
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mode select, and AT1, AT2 are the analog test access ports. We can send test pattern into the
scan chain and then obtain test results of each core blocks by connecting each boundary scan

cell (DBM, ABM) together.

TAP controller, Test Access Port controller, is a very important block of the system. Its
main objective is to facilitate board-level testing through boundary scan. TBIC, Test Bus
Interface Circuit, is to connect internal test bus (AB1, AB2) and analog test access port (AT1,
AT?2). Figure 2.2 shows the architecture of TBIC. In this figure, TBIC controls ten switches
(S1~S10) depending on the control signals sent from TAP controller. Figure 2.3 is the main
architecture of ABM. ABM means Analog Boundary Module, it consists of 6 switches (Sh, S,
Sg, SB1, SB2, SD), control registers and update registers. The objective of control registers

and update registers is to generate the control signals for the 6 switches.

'J_‘ [ vh i
I Core — VI
L= V9
;l:: Circuit — ""'l‘“- ABM
Vh
— vl ¢ Y
i *1 — vg
-7 ABl |ABZ
DBEM AT1
TBIC
AT2

TDI TDO
TAP controller
TMS TCK

Figure 2.1 IEEE std.1149.4 architecture
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AB1 AB2

Vclamp

S9 | S10

]87 S6

ATl ®
AT2 ®

Figure 2.2 TBIC architecture

Vi VR, VI Vg

LA e ()

Core SD Analog

Circuit L___—**¢ ’_’_'_’—. Pin

Jos [

o o AB1
.—T AB2
- JJ AT1
TBIC
- AT2

Figure 2.3 ABM architecture

The aim of the IEEE std.1149.4 research recently is to provide standardized approaches
to interconnect test, parametric test and internal test [1], [2]. The first objective is to detect

opens in the interconnections between integrated circuits. The second objective refers to the
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problem of measuring the values of discrete components. And the third objective refers to the
ability to perform internal test of a component. In [2], they take SC filter as core circuit for
example and simulate the whole circuit under normal mode and test mode. Figure 2.4 shows

its structure.

Vin o——— Biquad 1 Biquad 1 Biquad1 ———o0 Vout

l |

DI o———
TDO o—— TAP —O AT1

TBI
T™MS o— © Lo amr
TCK o——

controller

Figure 2.4 SC filter with IEEE std.1149.4 structure

2.2 Research of SC Filter BISTs

In recent years, design-for-test and built-in-self-test technique for SC filters are popular
fields of research. Many papers have been presented to apply different approaches to achieve
on-chip test functions with minimum area and power overhead [3]-[6]. Here, we take [6] for

example because of its novel ideas and complete circuit structures.

The objective in [6] is to discuss the possibility of reusing the existing hardware
originally present in SC filters to implement test functions for a completely autonomous

self-testable solution. The implementation of completely autonomous self-test implies the use
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of on-chip Test Pattern Generators (TPGs) and Output Response Analyzers (ORAS). Figure

2.5(a) gives an example of analog filter made of a cascade of basic biquad clocks, and the

TPG and ORA are added to the original circuit. The concept of this paper is shown in Figure

2.5(b). Some of the existing biquad blocks are reused in test mode to implement the TPG and

ORA.

.
L
A

» Biquad 1

A 4

Biquad 2

—>

TPG

Biquad n

ORA [«

Figure 2.5(a) Classical BIST

A 4

Biquad 1

| TPG

A 4

Biguad 2

—> oo 0

Biquad n
/ ORA

v

v

Figure 2.5(b) Reuse-based BIST

2.2.1 Multi-frequency TPG

The stimuli generator is a sine wave oscillator. As shown in Figure 2.6, this oscillator is

based on two pure integrators connected in a ring configuration. A 360° phase shift is

ensured because the first integrator is inverting and the second integrator is non-inverting.

Non-inverting integrator uses negative resistor, which is implemented by swapping two clock

phases of a positive switched-capacitor [7].
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Vay
=
j’ﬁf" a
J_ 1 ¢2
=
Il C
11 I
¢2 CSC 2 11
_/‘[L _ ¢, Csc ¢
(NI S I I ‘[L | p ——O Vout
L L 1 2
Figure 2.6 TPG
From Figure 2.6, oscillation-frequency of TPG is-given by
f,. -C
fosc = Cg 7Z'C = . (2'1)

The negative SC resistor in the local feedback loop of the first integrator results in a
positive feedback. It ensures circuit instability and a faster growth in the oscillation amplitude.

The bias voltage Va is used to adjust the amplitude of the oscillation.

2.2.2 Multi-frequency ORA

As shown in Figure 2.7, the ORA is also based on cascade of two integrators and an
additional comparator. A digital signature is obtained by computing the time for the output of

the second integrator to reach Vref. There is a counter for computing digital signatures, and
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this counter must be enabled from the integration start up to the time when the comparator

output goes high [8], [9].

—
— 0

Hé_ALO

N

}—Kj ?2 Csc ¢

J_ — Vout
L 1 End
J—— J— Vref "

Figure 2.7 ORA

2.2.3 Reused-based BIST of 8" Order Filter

Figure 2.8 shows the new implementation of the 8" order low-pass filter with self-test
facilities and Figure 2.9 is the new type low Q biquad filter circuit. Each biquad filter plays
both roles of the TPG (mode2) or the ORA (mode3) in test mode. Besides, both integrators
can be reset by shortening their integration capacitors (mode4). The operation mode of a
given biquad filter is determined by two bits in two flips-flops. Only one comparator is added

to the whole circuit and connected to each biquad filter output through a multiplexer.
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Figure 2.8 Self-testable 8" order low-pass filter topology
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Figure 2.9 New low Q biquad
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The test procedure includes 4 phases, each phase being dedicated to the test of one of the
biquad filters. For example, if the second biquad filter is tested, then the first biquad filter acts
as the TPG and the third one as the ORA. In the next phase, test functions are moved to the

next blocks so the third biquad filter is tested in this phase.

The self-test method presented in [6] is innovative, but there are still some problems
exist when we realize it for circuit implementation. First, each biquad filter is able to perform
its normal function, work as sine wave oscillator, or as a signature analyzer. This
characteristic can effectively decrease area overhead. But, performance of the core circuits is
also affected because we change the structure of biquad filters. Second, design of a sine wave
oscillator is complex and we can not generate the sine wave actually. This will affect the

precision of test results.

2.3 Concept and Formula Derivation

In this thesis, we will use different concepts and methods from [6] to avoid its main
drawbacks. First, we use triangular-wave as test waveform to replace sine wave. Therefore,
we can implement a high resolution test waveform. Second, we use a pair of comparators
called dual-comparator to replace single comparator. According to the dual-comparator
analysis, we can divide a triangular-wave into 3 portions. Therefore, we can compute the
probabilities of each portion. Moreover, we can also obtain the probabilities when the
triangular-wave has different values of offset and amplitude. Finally, we can obtain the

information about gain error and offset error of the core circuits by comparing the probability
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of the self-test results to the derived ones.

Figure 2.10 shows the concepts of our method. In this figure, Va is the amplitude of the

triangular-wave, Vx is offset of the triangular-waves, and Vr+, Vr- are the reference values of

the dual-comparator.

P3 _
) SA
Vr+
VX —_——. / ____________
Vr- +

Figure 2.10 Concept of: method

P1 is the probability of that the triangular-waves are lower than Vr-. P2 is the probability
of that the triangular-waves are between Vr+ and Vr-. And P3 is the probability of that the

triangular-waves are higher than Vr+. According to the formula derivation we can obtain the

equations of P1, P2 and P3 as

CASEL:V, +V, <V,,

P 1 (\/X )
1=
2 2vA 22
P 1 (\/X )
2= 2V,
P, =0.
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CASE2:V, +V, <vR+ LV, =V, <V,
Pl 1 (\/X )
2 2vA
o _ Ve =Va) - (2-3)
2
N,
P _ l_ (\/R+ _VX)
3 = —_—
2,

CASE3:V, -V, >V,
P, =0.
p oLy Ve =Vo)
2 2vA

P 1 (\/R+ )
3= .
2 o2,

(2-4)
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Chapter 3

Switched-capacitor Low-pass Filter

Switched-capacitor (SC) filtersthave become extremely popular due to their accurate
frequency response, linearity, and dynamic range. Since coefficients of SC filters are
determined by capacitance ratios-which-can be set precisely in 1Cs (on the order of 0.1%),

accuracy of SC filters are much better than RC filters (as much as 20%).

A SC filter is realized with some basic building blocks such as opamps, capacitors,
switches, and nonoverlapping clocks. We will detail the objectives, circuit structures and

design considerations of these building blocks in this chapter.

3.1 Fully Differential, High Bandwidth Opamp

Most of SC circuits are implement with Opamps. However, some important opamp
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nonidealities affect the accuracy of SC circuits such as DC gain, unity-gain frequency, phase

margin and slew rate.

The DC gain of opamps in a CMOS technology is typically on the order of 60dB. Low

DC gain affects the accuracy of the discrete-time transfer function.

The unity-gain frequency (Ft) and phase margin (PM) of an opamp gives an indication of
the small signal settling behavior of an opamp. A general rule is that Ft should be at least 5
times larger in frequency than the clock frequency assuming little slew rate behavior occurs
and PM is greater than 60° . Modern SC filters are realized using high-frequency single-stage
opamps such as folded-cascode opamps or telescopic opamps. These opamps have very large
output impedances (on the order of 100K Ohm) since the loads are purely capacitive, instead

of resistive.

The finite slew rate (SR) of-opamps can limit the-clock frequency in SC filters as these
circuits rely on charge being quickly transferred from one capacitor to another. Thus, at the

instance of charge transfer, it is uncommon for.epamps to exceed SR limit.

3.1.1 Fully-Differential Structure

In most analog applications, it is desirable to keep the signals in differential mode.
Fully-differential signals imply that the difference between two lines represents the signal
component. Thus, any noise appears as a common-mode signal on those two lines does not
affect the signal. Fully differential circuits should also be balanced, implying that the
differential signals operate symmetrically around a DC common-mode voltage which is called
analog ground. Fully differential circuits have another advantage that if each single-ended

signal is distorted symmetrically around the common-mode voltage, the differential signal
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will have only odd-order distortion terms. These terms are often much smaller. Consider the
block diagram shown in Figure 3.1, two nonlinear elements are identical and then each of the

outputs can be found as a Taylor series expansion given by
V, =k, -V, +k, V2+k, - VEi+.. (3-1)

where k; are constant terms. In this case, the differential output signal, Vs, consists of only

the odd-order terms,

Ve = 2K, -V, + 2K, -V + 2k -V 4+ (3-2)

With these two important advantages,; most.modern switched-capacitor circuits are

realized using fully differential structures:

Nonli Vol
Vi © | onlinear
element
Vdiff
] . Vo2 T
Vi o, Nonlinear ,
element
Figure 3.1

In this thesis, we introduce folded-cascode opamp as our opamp structure. We expect Ft
of the opamp to be 5 times greater than clock frequency (140 MHz), and under this condition,

we still have great DC gain about 60dB to reduce the gain error.
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In the next parts, design considerations of the opamp and bias circuit for the opamp are
described in detail. Finally, we compare pre-layout simulation and post-layout simulation

results of the opamp.

3.1.2 Design considerations

Table 3.1 shows characteristics of three types of opamps. There are some critical points
in choosing which one is suitable for our design. First, if we need high bandwidth, two-stage
opamps is not a good choice. Second, we define Vpp as 1.8V for CMOS 0.18um technology,
so output swing is a critical issue of our design. We can find that telescopic opamps are not
applicable with its low output swing. So, in this thesis, we take folded-cascode opamp as the

structure to implement opamp.

Output Power
Gain Swing Speed Dissipation Noise
Telescopic medium Low high Low low
Folded-Cascode medium medium high High medium
Two-Stage High High low medium low

Table 3.1 Comparison of three types of opamps

Figure 3.2 is the structure of a typical fully-differential folded-cascode opamp. It has
many advantages such as high bandwidth, high DC gain concurrently, and high dynamic
range. However, its main drawback is the power dissipation. Compared to telescopic structure,
folded-cascode has two current branches (differential input pair and cascode current mirror

stage). For the circuit to work at normal region, we need larger current to drive it.

18



Chapter 3 Switched-capacitor Low-pass Filter

1
"= :j‘:T
®
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b2
"= =
Vo-
[
— ® Vo+
— J— \ 4 y

» T
Vit o 'jj FI o Vi- I I II — CMFB
b
T pul =1

A

Figure 3.2 Typical fully-differential-folded-cascode opamp

Typically, when using fully-differential opamps in a feedback application, the applied
feedback determines the differential signal voltages, but does not affect the common-mode
voltages. Therefore, it is necessary to add an additional circuit to determine the output
common-mode voltage and to control it to be equal to the analog ground. This circuit is called
common-mode feedback (CMFB) circuitry. CMFB has many drawbacks we can not overcome
and these drawbacks will affect opamp performs. First, it is often the most difficult part of the
opamp design. Second, there are two typical approaches to implement CMFB circuits, a
continuous-time approach and a switched-capacitor approach. The former approach usually
limits the signal range. And, if nonlinear, it may introduce common-mode signals. The latter
one will increase additional capacitance loadings to the main circuit and then reduce

bandwidth of the opamp. Switched-capacitor CMFB may also introduce clock-feedthrough
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glitches.

To avoid the disadvantages of CMFB but achieve fully-differential structure, we use the
approach in [10]. Figure 3.3 is a typical single-ended folded-cascode opamp. We use cascode
current mirror to obtain wide-swing output range. Because a single-ended folded-cascode
opamp has excellent Common-mode Rejection Ratio (CMRR), it has robust common-mode
output voltage and tiny effects from noises and distortions. Due to these characteristics, we
can implement a fully differential folded-cascode opamp without CMRR by two single-ended
ones with inverse differential inputs. Figure 3.4 shows this concept. This structure can

improve the bandwidth. Unfortunately, it has larger power dissipation than the typical one.

b1 }J
T |
-

2 :",__. -
v|+o—|'j7 F_h—oVi-bsT = —5 i_f
b4—|—_{‘ : e

Figure 3.3 Typical single-ended folded-cascode opamp
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Vi+ o +

Vo+
VI' C

Figure 3.4 Concept of fully differential opamp presented in [10]

3.1.3 Fully differential, High Bandwidth Opamp

With recent technologies, High gains become more difficult to achieve because of
short-channel effect. We let channel length-as 0.36um here for the consideration of DC gain
and to reduce the process variation‘concurrently. Figure 3.5 is the circuit structure of fully
differential, high bandwidth opamp we use In this thesis. We set output loadings 2pF, current
goes through Ms is 4.2mA and goes through M3,4, Ma3,4 is 1.9mA. Under these conditions,
we obtain transconductance of differential input pair (M1,2 , Mal,2) to be 15.8m (1/Ohm) and
output impedance to be 51K (Ohm). Then, according to (3-3~5) we can compute
specifications of the opamp as: DC gain=58.2 dB, Ft=790 MHz and Maximum SR=950

us/sec.

DC gain =g, -y, . (3-3)
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g
F, = == -
t C load . (3 4)
SR = | (3-5)
C load
vbl I
Ma3 Ma4 M3 M4
vb2
Ma5b Ma6 M5 It M6

) I ‘TOV_ - "l OVo+

’ ok vb3 I ’

viar | oy mas HW}—T—(KW M24__||—° L"I:T_”—_PMS-
Vi+

He—
Ma9 Mal0 - M9 M10

Figure 3.5 fully differential, high bandwidth opamp

Figure 3.6 is the frequency response simulation results of the opamp. It shows that the
dominate pole falls into 1 MHz and the first nondominate pole falls into 990 MHz. At low
frequency, DC gain is 57.1 dB (DC gain). The unity-gain frequency is 783 MHz and the phase

margin is 57° .

Figure 3.7 is the CMRR simulation results. The CMRR is 74.3 dB at low frequency.
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Figure3.8 is the simulation results of SR. We connect the opamp positive output and

negative input together to become a unity-gain buffer. Use ideal square waves as input signal

to obtain the SR simulation results. It shows that at rising edge SR is 552 us/sec (SR+) and at

falling edge SR is 435 us/sec (SR-).

According to these data, we find that the simulation results are very close to the

computing values according to the formulas.

T
1x 100x 1z
Frequency (logh (HERTZ)

T T
10k 100k

Figure 3.6 Frequency response simulation
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Figure 3.7 CMRR simulation
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Figure 3.8 SR simulation
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Table 3.2 shows the specifications summary of the opamp. It also shows the post-layout

simulation results to compare with the pre-layout simulation results. For layout consideration,

we use Source-Drain Merge method to reduce parasitic capacitor at the output of the opamp.

Although using common-centroid method can reduce the input offset, it also increase parasitic
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capacitor at input pair and decrease the Ft. So in this thesis we adopt traditional method for
the opamp layout in order to hold the high bandwidth. Figure 3.9 is the layout of the fully

differential, high bandwidth opamp, the area is 275 * 75 um?.

Pre-sim Post-sim

loading (pF) 2 2
DC gain (dB) 57.1 57.4

Ft (MHZ) 783 771
PM (degree) 57 57
SR+ (us/sec) 552 540
SR- (us/sec) 435 427

CM (V)2 09 0.9
CMRR (dB) T3 | 746
power (MW) |~ 14 8 15

Table 3.2 Specifications summaryof the: f'u.lll;“y.‘*l(:i‘ifferential, high bandwidth opamp

L 1Lk

Figure 3.9 Layout of the fully differential, high bandwidth opamp
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3.1.4 Wide-swing Constant-transconductance Bias Circuit

Besides the main circuit of the opamp described in the above section, bias circuit is also
an important part. Its main function is to apply steady, noise-insensitive voltage for biasing
points of the opamp. In this thesis, we introduce a wide-swing, constant-transconductance
bias circuit to implement the biasing circuit. It consists of the start-up circuit to prevent the

circuit working at unexpected steady state.

Perhaps the most important parameters in opamps are the transconductance of transistors.
Figure 3.10 is a bias circuit that gives very stable transconductances. With this method, to a
first-order effect, the transconductances are independent of power-supply as well as process

and temperature variations.

M6 |FH—— M5

M4:||—‘—| M3

M2 « | —o—[ , M1

[

Figure 3.10 Bias circuit with stable transistor transconductances
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Assuming the sizes of M5 and M6 are equal and the circuit has the same current (Ip) due

to the current-mirror pair. As a result,

Vi =V, + 1o -R

gsl

Recalling that

Veff = _Vt

gs

We can subtract the threshold voltage from both sides in (3-6) and rewrite (3-6) as

IPH 2lut .1,
:uncox(f)l /unCox(T)Z

And recalling that

W
gml = \/ZILIHCOX (T)l ) IDl

We obtain the important relationship

oo [W 70,
YW /L),

R

gm1:

(3-6)

3-7)

(3-8)

(3-9)

(3-10)

Thus, the transconductance of M1 is determined by geometric ratios only, independent of

power-supply, process parameters, temperature or other parameters with large variability. For

the special case of (W/L),=(W/L)1, we can find
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O9n1 = 5 - (3-11)

As new technologies with shorter channel lengths are used, designers are often forced to
use cascode current mirrors to achieve high gain. Unfortunately, the use of conventional
cascode current mirror limits the signal swings, this drawback reduces the circuit practicality.
One novel structure of cascode current mirrors that do not limit the signal swings is shown in

Figure 3.11, which is called the wide-swing cascode current mirror.

Ibias lin l lout=lin

M]f}—l H5viz—1 [, M1

e, VI3 — M2

Figure 3.11 Wide-swing cascode current mirror

The basic idea of this current mirror is to bias the drain-source voltages of transistors M2
and M3 to be close to the minimum possible without going into the triode region. Note that
the transistor pair M3, M4 acts like a single diode-connected transistor in creating the
gate-source voltage for M3. The reason for including M4 is to lower the drain-source voltage
of M3 so that it is matched to the drain-source voltage of M2. This matching makes lout more

accurately match lin.

28



Chapter 3 Switched-capacitor Low-pass Filter

To determine the bias voltages for this circuit, we have

215,

W (3-12)
c.—
Hn'© o L

Vef‘f :VeﬁZZVeff3:

Furthermore, we let size of M1~M4 be the same and 4 times greater than that of M5, then we

have
Vi =V s = Vg
Vs = 2V - (3-13)
Thus,
Ve = Vs =Viggs =V = Vo (3-14)

So, M2 and M3 are at the edge of the'triode region. Thus, the minimum allowable output

voltage is

Vout > Veff 1t Veff 2 = 2 'Veff : (3-15)
According to the two concepts we have introduced, we incorporate wide-swing current

mirrors into the constant-transconductance bias circuit. This circuit minimizes most of the

second-order imperfections caused by the finite-output impedance of the transistors. Without

greatly restricting signal swings. The complete circuit is shown in Figure 3.12.
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R 3 0.17mA - =
O b4
Bias loop Cascode loop Start-up

Figure 3.12 Wide=swing constant-transconductance bias circuit

This bias circuit does have the.problem that it Is'possible for the current to be zero in all
transistors, and the circuit will remain in the stable state. It is necessary to include start-up
circuitry. An example of a start-up circuit consisting M15 ~ M18 is shown in Figure 3.12. If
all currents in the bias loop are zero, M17 will be off. Since M18 operates as a
high-impedance load that is always on, the gate voltages of M15, M16 will be pulled high and
these transistors will inject currents into the bias loop. Once the Bias loop starts up, M17 will
turn on and then pull the gate voltages of M15, M16 low. Finally, start-up circuitry will be

turned off and no longer affects the bias loop.

The simulation result of the whole bias circuit is shown in Figure 3.13. In this figure, we

set the initial currents of all transistors are zero. Thus, the initial values of b1, b2 are 1.8 V
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and b3, b4 are 0 V. Due to the start-up circuitry, the four bias points will work at normal stable

state after 5 nsec.

800m

G00m

400m

200m

-200m

T T T T T T T T T T T T T T T
0 2n 4n fin fn 100 12n 1dn 16mn 180 20n 22n 24n d6n 28n
Time (lin) (TIME)

Figure 3.13 Simulation results.of the Wide-swing constant-transconductance bias circuit

3.2 SC Low-pass Filter

3.2.1 Resistor Equivalence of a Switched capacitor

Consider the switched-capacitor circuit shown in Figure 3.14. Assuming ¢, and ¢, are
two nonoverlapping clocks. C is charged to V1 and then V2 during each clock period.

Therefore, the change in charge over one clock period is given by

31
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AQ =C(V,-V,) . (3-16)

Then, we can also find the equivalent average current over one clock period is given by

_ C(Vl_VZ)

I avg T )

(3-17)

where T is the clock period. Finally, we see the equivalent resistor of the switched capacitor in

Figure 3.14 over one clock period is given by

V, -V T 1
R — 1 2 _ _
« | e C c.f, (3-18)
where fs is the sampling frequency.
) 9,
L L
V1o [ ] —9 [ O V2
p
: _— C
Cp —
V4

Figure 3.14 SC resistor

In Figure 3.14, we ignore the effect of the parasitic capacitors. Here, Cp represents the
parasitic capacitor of the top plate of C as well as the nonlinear capacitors associated with the
two switches. It is in parallel with C and therefore cause gain error of the circuit transfer

function. To overcome this drawback, parasitic-insensitive structures have been developed to
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realize high accuracy. Figure 3.15(a) is a parasitic-insensitive resistor equivalence of switched

capacitor in positive type and Figure 3.15(b) is the negative one.

) )
1 . L
vio—| | I [ ]

%, -4,

O V2

Figure 3.15 (a) Positive parasitic-insensitive SC resistor

% #,
= 1

vio—d | I [ ]
4, =

@)

O V2

Figure 3.15 (b) Negative parasitic-insensitive SC resistor

3.2.2 Signal-flow-graph Analysis of Low-pass Biquad Filter
The transfer function of typical continuous-time biquad filters are given by

H(s) = V() _ _ Kq

VI(S) SZ + (&)54_0)02 ’ (3-19)
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where o, represents the corner frequency and Q is called Q factor. Signal-flow-graph is

shown in Figure 3.16.

Wy
@Dy
Q L
ko
1 — @ 1
Vi(s) o ° - - . ——o0 Vo)

Figure 3.16 Signal-flow-graph of continuous-time biquad filter

We can transfer the signal-flow-graph from:S-domain (Figure 3.16) into Z-domain
(Figure 3.17) for discrete-time biguad filters,.andaccording to Figure 3.17, the transfer

function of the discrete-time biquad filters, H(z), are found to be

(3-20)

H(Z)EVO(Z):— K1K3'Z
V.(2) 1+K,) z2°+(K,K,-K,-2)-z+1
_Kz
L
_Kl
Vi(z) o > + —e———0 \O(s)

Figure 3.17 Signal-flow-graph of discrete-time biquad filter
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Finally, comparing Figure 3.16 and Figure 3.17 we can find the approximations for

feedback capacitor ratios are given by

K, = K;~ao,T . (3-21)
w,T

K, = QO (3-22)

K, = (DC .gain ) - K, & (3-23)

A switched-capacitor low-pass biguad-filter-based on Z-domain signal-flow-graph is
shown in Figure 3.18. Note that this.SC biquad filter has redundant switches, as switch

sharing has not yet been applied.

A ket 4

[ I [

¢4 k¢, fl_ K4C1 fl_
I_|| | L
_|
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#, -4,
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Vi@) oI L} T > % okser | )
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+
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Figure 3.18 Switched-capacitor Low-pass biquad filter

In this thesis, we set @,T =0.45 and sampling frequency to be 140 MHz due to
limitation of the opamp bandwidth, so corner frequency of the biquad filter will be 10 MHz.
We also set Q factor and DC gain of the biquad filter to be unity. Then, we can see all

capacitor values of the biquad filters shown in Table 3.5.

Cl C2 K1C1 K2C2 K3C2 K4C2

1.5 pF 1.5pF | 0.675pF | 0.675 pF | 0.675 pF | 0.675 pF

Table 3.3 Capacitor values of the biquad filter

3.2.3 Switches

The requirements for switches used in SC filters must have a very high off resistance, a
relatively low in resistance, and no offset voltage when it turns on. In today’s CMOS

technology, using of MOSFET transistors as switches satisfies these requirements.

MOS switches consist of NMOS, PMOS and CMOS switches, like Figure 3.19 shows.
NMOS switches are applicable for low voltage range and PMOS switches are applicable for
high. However, CMOS switches combine the advantages of both ones. It can work for full
range. Figure 3.20 shows method to simulate the turn-on resistance of MOS switches [11]. We
use AC current as input signal and then obtain drain-source voltage of the switch as output
signal. Inductors in this figure are used to make sure that AC signals only pass through MOS

switches. Therefore, turn-on resistance of the switch is given by
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\Y
Ron = RonN // ROnP = IO—Ut . (3_24)

i
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Figure 3.19 3 types-of MOS switches
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Figure 3.20 Turn-on resistance simulation method
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Figure 3.21 is the CMOS switches turn-on resistance simulation results. Different figures
represent different ratios between NMOS sizes and PMOS sizes. We simulate overall four
Kinds of ratios that NMOS sizes over PMOS sizes are 1/2, 1/3, 1/4 and 1/5. In these
simulation results we find that when NMOS size over PMOS size is 1/4, the turn-on
resistance of CMOS switches is mostly like constant. Besides, we also see that larger sizes
bring lower turn-on resistances. However, we have to consider non-ideal effects of MOS
switches such as charge-injection and clock-feedthrough, which introduce errors proportional

to the switch sizes when we design MOS switches. Therefore, determination of MOS switch

sizes is a trade-off between turn-on resistance and non-ideal error.
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Figure 3.21 CMOS switch turn-on resistance simulation results
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Chapter 3 Switched-capacitor Low-pass Filter

Non-ideal effects of MOS switches are the major limitation on resolution of SC circuits.
They cause error due to unwanted charges being injected into the circuit when switches turn
off. Non-ideal effects include two types called charge injection and clock feedthrough. We

have more detail analysis of these two effects in Figure 3.22 and next description.

o
: ¢
V Vo
oI _\— ¢ o}
T -
/ G \ — CI
Cov #/ _\—:: Cov N
S / = Qe \ D

Figure 3.22.Non-ideal effects'of MOS switches

(1) Charge Injection: Charge injection occurs by channel charge when MOS switches
turn off. From Figure 3.22 we can see the channel charge flow out from the channel
region of the transistor to the drain and source junctions. The channel charge of a
transistor had zero drain-source voltage is given by

Qch =WLC,V :WLCox (Vgs _Vt) . (3-25)

ox " eff

And we derive voltage error due to charge injection is given by
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WLC ~V
AV=—1Qch- 1 WLC, (Vg —V1) |
2" C,+C,, 2C,

(3-26)

(2) Clock Feedthrough: From Figure 3.22, overlap capacitors between gate and junctions
will inject additional charge into circuit when switches turn off, and this effect is

called clock feedthrough. Voltage error due to clock feedthrough is given by

C
AV =—(§, — @) —2— ]
=) e -27)

where ¢, isVppand ¢ isGnd.

Due to (3-26) and (3-27) we find.that'error.caused by clock feedthrough is small and
signal-independent, which can be-eliminated By fully-differential structure. On the other hand,
error caused by charge injection 1s much larger. We also can divide charge injection into two
parts, signal-dependent and signal-independent. Switches connected to analog ground and
virtual ground will cause signal-independent error because its turn-on voltage is constant. Just
like clock feedthrough, we can eliminate this kind of errors duo to fully-differential structure.
Besides these, switches connected to the signal will cause signal-dependent error which is
changed with signal. Signal-dependent error is important because it truly affects resolution of
the circuit. Therefore, How to reduce this kind of errors is the critical issue when we design
switches of SC filter. In this thesis, we use three kinds of approaches to reduce charge

injection and have description about these approaches as below.

(1) The first approach to lower charge injection effect is incorporating both NMOS and
PMOS devices that have same charge amount but opposite direction as a CMOS
switch. This approach can make channel charges of two different transistors cancel
each other at DC level (no AC signal input).
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Chapter 3 Switched-capacitor Low-pass Filter

(2) Using dummy switches. As Figure 3.23 shown, a dummy switch (M2) driven by
inverse clock is added to the circuit. Therefore, the charge injected by the main
switch (M1) can be removed to M2 after M1 turns off and M2 turns on. Note that
both source and drain of M2 are connected to the output node and M2 has half size of

M1 in order to make Ag,= Adq,.

(3) The third approach is called bottom-plate sampling. Here, we take an SC integrator as

example. As Figure 3.24 shows, we add a pair of clocks (4, , ¢,, ) that slightly
advance than original clocks (¢, , ¢,). When M1 turns off, the injected charge Aq,
will not cause any change in the charge stored in Cl since M2 has already turned off
and the right side of C1 is connected to an effective open circuit. Therefore, by this
approach, the circuit is affected only by M2 and M4 which are connected to virtual
ground or analog ground..Charges-injected by these transistors are

signal-independent and be cancelled by fully-differential structure.

M2
ot UL
Vi o ® O

Ag L— | —

Vo

L )
7 T

02

\Y4

Figure 3.23 Addition the dummy switch to reduce charge injection
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Figure 3.24 SC integrator with bottom-plate sampling

Due to concepts of turn-on resistance and charge injection cancellation we have

described, now we can determine the sizes of MOS switches.

At beginning, we take a biquad filter-as two first-order system with a single delay around
the loop due to the negative SC resistor. And the output error of an ideal first-order system is
given by

&

V. (t)=e © (3-28)

where 7 is RC time constant of the first-order system and t, is settling time of the

first-order system. Assuming the circuit has N bits resolution, then (3-28) can be rewritten as

(3-29)

We set capacitance loading as 2 pF, settling time as half of clock period and resolution as 8

bits, then we can obtain the term of turn-on resistance limitation given by
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R < t, _ 3.57n ~0.28K (3-30)
(N+1)-In2-C, 9:In2-2p

Due to (3-30) we can determine the size of NMOS switches. As for CMOS switches, we still

have to consider the size ratio between NMOS and PMOS.

How to determine the ratio? First of all, we recall that the equation of transistor current

versus voltage at triode region is given by

w 1
Id = IUCox (T) [(Vgs _Vt) 'Vds - Evdi] . (3-31)

And then turn-on resistance of MOS switches is given by

ol 1
ROH = ( d )71 .
. R, o

Due to (3-25), (3-32) and MOS parameters such as mobility and threshold voltage, the

optimize size ratio between NMOS and PMOS of a CMOS switch can be derived as below.

First, we set Ry, of NMOS to be equal to that of PMOS, then we obtain

Ronen) 1= HpCo W TL Vo)

=1l= (3-33)
Ron(p) /unCox (Wn / I—n )Vov(n)
(3-33) can be rewritten as
/L
Wy bo) Lyos (3-34)
W, /L,)
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(3-34) shows the computing result is fit in with the simulation result in Figure (3-21).

Second, to reduce charge injection effect, we set channel charge of NMOS and PMOS

are the same. Then we get

ov(n)

Vch(n) —1= Wn I—n 'Cox -V

= (3-35)
Vene Wil - Cox -Voun)
(3-35) can be rewritten as
W -L
L1 ~0.73 -
w, L, . (3-36)

Due to (3-34) and (3-36), ratios-0f channel width and length between NMOS and PMOS

are given by

%21.77 , =2 =042" (3-37)

==

Finally, according to (3-30) and (3-37), we can determine the sizes of CMOS switches.

3.2.4 Nonoverlapping Clocks

Clocks determine when charge transfers occur and they must be nonoverlapping in order
to guarantee charge is not lost. One simple approach for generating nonoverlapping clocks is
shown in Figure 3.25. Here, delay blocks are used to ensure clocks are nonoverlapping with

each other.
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Figure 3.26 is the output buffer of nonoverlapping clocks to generate the final clock and
its inverse clock applied for the SC filter. The transmission gates are used to match the clock
and its inverse clock. Figure 3.27 shows the complete circuit of the clock driver. Because of

bottom-plate sampling, we need two pairs of nonoverlapping clocks.

clk © D ® o ¢

delay [

delay [¢
! )3 L O ¢2

Figure 3.25 Circuit implementation of'nonoverlapping clocks

invl inv2
in rP
||3 inv3
trl

Figure 3.26 Output buffer of nonoverlapping clocks
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Figure 3.27.Clock driver

3.2.5 Simulation Results of the SC Low-pass Filter

Figure 3.28 shows the low-pass biquad filter circuit structure. Some redundant switches

are removed due to the concept of switch sharing. Switches that connected to analog ground

or virtual ground will be implemented with NMOS switches because they are always working

at 0.9V when turn on. Other switches connected to the signal will be implemented with

CMOS switches for working at wide range. Capacitor values have been already introduced in

Table 3.5.
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Figure 3.28 Fully-differential low-pass biquad

Finally, we implement a fully differential; high bandwidth, 4"-order SC low-pass filter

due to two cascading biquad. Figure 3:29 is'the frequency response simulation results. In this

figure, we see that pre-layout simulation results are very close to post-layout simulation

results, and maximum error between ideal filter and the SC filter is 0.8dB at 8 MHz.
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Figure 3.29-Frequency response simulation results

Figure 3.30 shows the harmonic distortion:simulation results of the SC filter. The input
single tone is at about 1/3 of the corner frequency in order to capture the worst case for the
dominant third harmonic [12]. In this figure, we see the maximum harmonic distortion is -43
dB at corner frequency. Finally, we list specifications of the fully-differential, high bandwidth,

4"-order SC low-pass filter in Table 3.4.
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Figure 3.30 Harmonic distortion simulation result

samplingFrequency 140 MHz
Corrier Frequency .- 10 MHz
DC Gain 1
“w,T 0.45
Q Factdr 1
CM Voltage 09V
Signal Range 065V ~115V
Max. Harmonic Distortion -43 dB

Table 3.4 Specifications summary of the fully differential, high bandwidth, 4™-order SC

low-pass filter
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Chapter 4

Built-in-self-test Circuit

How to achieve on-chip test functionsof SC.filters with limited area and power overhead
is the critical issue for mixed-signal‘testing designers. It is also the top target of this thesis.
Test concept and method we adopted have already been introduced in Chapter 2, section 3. In
this chapter, we will describe how to transfer.the ideas into the hardware circuits. The circuit
implementation will include a triangular-wave oscillator to take as test-waveform-generator
(TWG), a differential-to-single-ended circuit with a dual-comparator to take as output
response analyzer (ORA). The triangular-wave oscillates at 29.2 KHz. We determine a very
low frequency here in order to increase accuracy of the triangular-wave itself and linearity of

the core circuit (SC filter) output response.

In the last section of this chapter, we will introduce layout considerations of the SC filter

and the BIST circuit. Total area of the chip is 1.65(mm)*1.3(mm) and total power is 72 mW.
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4.1 Test-waveform-generator

Figure 4.1 shows a pair of differential triangular-waves. In this figure, we see some

critical specifications to adjust the performance of differential triangular-waves are:

(1) Amplitude (Va): voltage amplitude error of the triangular-wave will cause error of
signal swing. Here, we use a pair of dual-comparator to take as the amplitude
judgment device. Oscillation frequency of the triangular-wave is very low to reduce

the comparator offset voltage.

(2) Phase shift (A¢): Phase shift between each of the triangular-waves will also affect
precision of the test result. To minimize the phase shift error, we use only one

corner-judgment circuit for_the differential triangular-waves.

(3) Common-mode (CM): common-mode'voltage of the differential signals is also a
key-point. In this thesis, we add common-mode feedback (CMFB) circuit into the
triangular-wave oscillator in order to control the common-mode voltage and protect it

from the noise affection.

Figure 4.1 Differential triangular-wave
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4.1.1 Triangular-wave Oscillator

The traditional circuit of the triangular-wave oscillator is based on an integrator with a
bistable circuit to be the triangular-wave corner-judgment circuit. Like Figure 4.2 shows, a
RC integrator with square-wave input signal will generate triangular-wave at output node. The
amplitude of the triangular-wave is determined by the bistable circuit. If the output voltage of
the bistable circuit is high, the triangular-wave will change linearly from high voltage to low
voltage .When triangular-wave goes down to the low threshold voltage of the bistable circuit,
the bistable circuit will be triggered and output voltage will become low. Therefore, the

triangular-wave will generate a corner and begin to go to high voltage.

UL
[ L

Bistable circuit

Figure 4.2 Traditional triangular-wave oscillator

However, there are some drawbacks in this approach. First, RC time-constant has bad
precision with unpredictable process error. Second, the bistable circuit is complex to design,
and precision of the high and low threshold voltages is also a big problem. Third, high and
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low level of the square-wave to be the input signal of the integrator are Vpp and gnd. It is not
a good approach to take power lines as the reference voltages because there are 10 mV

variations due to the bounding-wire inductance effect.

Figure 4.3 is the structure of the fully-differential triangular-wave oscillator in this thesis.
It is also called test-waveform-generator (TWG). Comparing the innovative structure we used
to the traditional one, we replace the resistor in Figure 4.2 with switched-capacitor in order to
obtain high accuracy coefficient. Besides, we use a pair of dual-comparator and a SR latch to
replace the bistable circuit. With the approach we adopted, precision of the triangular-wave
amplitude increases greatly. We use only one corner-judgment circuit to control the
differential triangular-waves. This approach guarantees the minimum phase error between the
differential pair. Finally, we add a common-mode feedback (CMFB) circuit to obtain the

robust common-mode voltage.

Because the capacitors Ccl-and Cc2 are very large, unity-gain frequency of the opamp
reduces and the sampling frequency should also be lower. We determine the clock frequency
for the BIST circuit to be 1/4 of that for the core circuit, which is equal to 35 MHz. Vr+ and
Vr-are 1.15V and 0.65 V. Thus, the amplitude of the triangular-wave is 250 mV and the

oscillation frequency is 29.2 KHz.
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Figure 4.3 Fully-differential triangular-wave oscillator in this thesis (TWG)

412 CMFB

The CMFB we used here is implemented:in SC circuits. Like Figure 4.4 shows,
capacitors labeled Cc generate the average output voltages, which are used to create control
voltage (Vctrl) for current source of the opamp. The DC voltage across Cc is determined by
capacitors Cs, which are switched between bias voltages and in parallel with Cc. The SC
CMFB acts like a SC low-pass filter with DC input signal. Cs must be between 1/4 and 1/10
the sizes of Cc. Capacitor values are not critical to circuit perform, but with too small sizes
will cause common-mode offset due to charge injection of the MOS switches. All switches are
implemented by NMOS except those connected to the outputs (OUT and OUTDb), which are

realized by CMOS.
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Figure 4.4 CMFB circuit

4.1.3 Simulation Results of TWG

Figure 4.5 is the simulation results of TWG. There are three signal lines in this figure:
two of the signal lines are differential triangular-wayves and the other one is \ctrl. The
differential triangular-waves oscillate between.1.15 V-and 0.65 V, and the common-mode
voltage is 0.9 V. Vctrl is the ctrl signal of CMEB circuit feedback to the opamp current source.
We find that Vctrl changes during a triangular-wave period and it affects the common-mode

voltage of the opamp.
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Figure 4.5 TWG simulation result

Figure 4.6 shows INL and DNL of the triangular-wave. We first subtract the differential
triangular-waves to each other to-obtain the'single-ended signal wave. Then, sample voltage
values of each test clock period. There are 1200 periods during a triangular-wave period in
total. Then, compare the sampling data to the ideal values. Finally, we obtain DNL and INL of
the pre-layout simulation result. Figure 4.7 shows DNL and INL of post-layout simulation

result with the same method.
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Figure 4.6 DNL and INL of TWG (pre-layout simulation)
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Figure 4.7 DNL and INL of TWG (post-layout simulation)

From above two figures we see that DNLs of both the triangular-waves are close to
perfect. The maximum DNL is only 0.25 mV. On the other hand, INL of the triangular-wave
is the critical accuracy limitation. We can see the maximum INL of pre-layout simulation and
post-layout simulation is 3.7 mV, which is equal to 7 bits resolution. The main factor of the
INL errors is the \ctrl variation during a triangular-wave period. This term introduces
common-mode voltage error to the opamp.
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4.2 Output-response-analyzer

4.2.1 Dual-comparator

In this thesis, ORA includes a dual-comparator and a differential-to-single-ended circuit.
Dual-comparator is implemented due to one N-type and one P-type one-stage amplifier,
shown in Figure 4.8. N-type amplifier takes high reference voltage (\Vr+) as input and the
P-type one takes low reference voltage (\Vr-) as input. The output response frequency of SC

filter would be very low, so the offset errqr. of the dual-comparator is ignorable.

—O0 \p
Vi :I Vit vr- 0— :' o0 vi
—0 \p
N-type amplifier P-type amplifier

Figure 4.8 Dual-Comparator

Next, we describe the differential-to-single-ended circuit [13]. It is realized by SC circuit,
too. It has offset voltage cancellation without requiring the output to slew to ground each time
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the amplifier is reset. Except that, it is also insensitive to low opamp gain.

4.2.2 Differential-to-single-ended Circuit

First, Figure 4.9 is a capacitive-reset gain circuit. Capacitor Cd is an optional deglitching
capacitor. It is used to provide continuous-time feedback during the nonoverlapping clock
times when all switches are turned off. The gain circuit can be either inverting or
non-inverting depending on the clock phases of the input stage. To see how this circuit
operates, consider during the reset phase of ¢,, as shown in Figure 4.10(a). C3 is charged to
the output voltage during the previous¢, phase, so output voltage does not reset to zero
during reset phase, which is different from the traditional resettable gain circuit [14]. At this
phase C1 and C2 are charged to the input offset voltage of the opamp. The next valid output
phase of ¢, is shown in Figure 4.10(b). In this figure we see the output voltage is independent

of the offset voltage.
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Figure 4.9 Capacitive-reset gain circuit
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Figure 4.10 Capacitive-reset gain circuit (a) reset phase (b) valid output phase

Figure 4.11 shows complete structure of the differential-to-single-ended circuit. In this
circuit, C1 is equal to C2 in orderito make the closed-loop gain unity. Besides, switches
connected to analog ground and virtual'ground are realized by NMOS, others are realized by
CMOS for large operating swing. Assuming the opamp has finite open-loop gain A, its

transfer function in the z-domain is found to be

v.() ° g, (4-1)

Where
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1 )(1— c,+C, )
C,+C, A(C3+C1+C2+C3) . (4-2)
C,A A

a = (

and

C1+C2(C2+C3+ClCz)

b = cA C C % C
+ + +

C.1l+ =2—=2)(C,+ 1 2

5 ( A )(C, A

(4-3)

3)'

2

For low frequency z is approximately equal to unity and (4-1) can be rewritten as

V,(z)  C,
Vi(z) C,

Gt C
C,A*?

(& 2) (4-4)

From (4-4) we can find the gain &rror is-proportional/t6 A, which is much more insensitive to

open-loop gain error than the traditional-gain circuit.
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Figure 4.11 Differential-to-single-ended circuit

4.2.3 Simulation Results of the Differential-to-single-ended
Circuit

Figure 4.12 is the simulation results when input signal is a pair of differential sine-waves
at 1 MHz. The maximum glitch of the output is 100 mV. Figure 4.13(a) and (b) are the DNL
and INL analysis results with input signals are differential triangular-waves at 40 KHz. Upper
figures of 4.13(a) and (b) are the sampled data of output voltages and lower figures of 4.13(a)
and (b) are the DNL and INL results. From these figures we find that the errors increase
rapidly when output voltage is close to analog ground because output voltage moves up and

down.
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Figure 4.12 Simulation results of the differential-to-single-ended circuit
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Figure 4.13 (a) DNL and (b) INL results of the differential-to-single-ended circuit

4.3 Top Architecture and Simulation Result

Figure 4.14 is top architecture of the total design. We see that two cascading biquad

filters introduced in Chapter 3 are taken as the core circuits. Except that, TWG applies

differential test input waveforms for the core circuit, which are connected to aBUS1 and

aBUS1b. Differential-to-single-ended circuit and dual-comparator receive the test output

responses from one of the biquad filters, which are connected to aBUS2 and aBUS2b.

Switches (SO ~ S3) determine the circuit operating in the normal mode or the test mode, and

64



Chapter 4 Built-in-self-test Circuit

these switches are controlled by the testl and the test2 signals. For example, if {testl, test2} is
{0, 0}, the circuit operates in the normal mode. In this case, SO will turn on and others turn off,
differential input signals will from IN and INb transmit to OUT and OUTb through the
4"-order low-pass filter. If {test1, test2} is equal to {1, 0} or {0, 1}, the circuit operates in the
test mode. Biquadl will be taken as core circuit and switches S1 turn on for the case of {1, 0}.
Similarly, Biquad2 will be taken as core circuit and switches S2 turn on for the case of {0, 1}.
The differential test output responses (aBUS2, aBUS2b) will be transferred into single-ended

type (aBUS2s) and be analyzed by the dual-comparator.
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IN —— ouT
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i I
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Figure 4.14 Top architecture
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We have already described the concept of the test approach and the equation for
computing probabilities in Chapter 2. Now, we compare the derived probabilities to the

simulation results and discuss the reason of the difference between these two terms.

First, we discuss the case of gain error. We totally compare 9 cases here. Figure 4.15(a)
shows the derived probabilities of each case and Figure 4.15(b) shows the BIST circuit
simulation results. The unit of X-axis is percentage. Theoretically, S1 should always be equal
to S3. However, from Figure 4.15(b), we see the case of -10%, -15% and -20%, the difference
between S1 and S3 becomes larger gradually. This is because the triangular-waves itself have

offset voltages.
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Figure 4.16 (), (b), (c) show the comparison between P1-S1, P2-S2 and P3-S3 of gain
errors. We find the simulation results are very close to the probabilities except the cases of
-10%, -15% and -20%. This is because the input test waveform is not accurate enough in
these cases.
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Next, we will discuss the case of offset error. Figure 4.17(a) and (b) show derived
probabilities (P1, P2, P3) and simulation results (S&, S2, S3) of offset errors. The unit of
X-axis is voltage. Due to Figure 4.17(b) we find that simulation results have errors in the
cases of 0.1, 0.15 and 0.2. This is-because the core circuit output responses generate
amplitude errors in these cases and thisreason affects the test results.
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Figure 4.18 (a), (b), (c) show the comparison between P1-S1, P2-S2 and P3-S3 of offset

errors. We see the simulation results are very close to the probabilities except the cases of 0.1,

0.15 and 0.2. This is because the output responses generate the amplitude errors.
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4.4 Layout Consideration and Implementation

power-lines, capacitors and layout placement of the top circuit. The total area of the layout is

1.65(mm) * 1.3(mm) and total power is 72 mW.
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4.4.1 Power Lines

Assume we use the approach shown in Figure 4.19(a) for the power lines connecting. It
will cause a voltage drop exists inside the chip, which is called power-supply coupling effect.
To avoid this problem, we apply two independent pair of pins for the connection of analog

power lines and digital power lines. Like Figure 4.19(b) shows.

L R1 L1 R1 o
Digital GO :I A Digital
Circuit Circuit
Pin Pad Digital Pin Digital Pad
L2 R2
R2 Digital E T E' A Digital
Circuit ] Circuit
Analog Pin Analog Pad
(® (b)

Figure 4.19 Layout consideration of power lines

4.4.2 Capacitors

For high accuracy of the capacitances, we use MIM structure to realize the capacitors of
SC circuits because another approach, MOS capacitors are sensitive to the bias voltage and

temperature. Figure 4.20 shows the structure of the MIM capacitor.

A
O
—|
<
o

Figure 4.20 MIM capacitor structure
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4.4.3 Top Layout Placement Considerations

Placement of the top layout is shown in Figure 4.21. This approach is suit for all SC
circuits. Switches and digital circuits cause large impulse current during operating, which will
introduce large substrate coupling noise. Substrate coupling noise affects analog circuits
seriously because all circuits are placed on the same substrate. We have to use some layout

skills to reduce this effect.

First, we place switches and digital circuits far away from analog circuits. As shown in
Figure 4.21, we place the capacitor array in the center of the whole chip to divide analog
circuits apart from digital circuits and switches. Except that, we use the approach of N-well
shielding. We place the capacitor-array in N-well and apply an additional power-supply VDD
for the N-well to isolate the noise from substrate coupling. Second, we place analog power
lines surrounding all of the analog blocks, which'is called guard ring. This approach can
protect circuits in the guard ring from the outside noise affecting. The third approach is
dividing source of all digital transistors from the substrate in order to reduce substrate
coupling. As shown in this figure, we apply an independent power line GNDd, which
connects sources of all digital transistor together but not connect to VSSd (substrate) inside

the chip.
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Analog Circuit
VSSa

N_well

Capacitor Array

R e e

VDD

GNDa

VvDDd
Digital Circuit

GNDd
VSSd

Figure 4.21 Placement.of the top layout

Total layout is shown in Figure 4.22. The technology we use here is TSMC CMOS
0.18um 1P6M. The area is 1.65(mm)*1.3(mm) and power consumption is 72 mW. We also
show the area and power proportion of BIST which occupies in the total circuit in Figure

4.23.
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Figure 4.23 Area and power proportion of BIST
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

How to achieve on-chip testing of analog circuits with lower cost is the critical issue
for today’s mixed-signal testing. In this thesis, we design a fully-differential, 140 MHz
sampling frequency, 10 MHz corner frequency, 4™-order low-pass SC filter. Except that, we
take the SC filter as the core circuit and design the BIST circuit for the SC filter. The test
approach we adopted is taking triangular-wave as input waveform and comparing the
probability of the self-test results to the derived results to estimate the gain error and the offset
error. In our design, there is a test-waveform-generator, which generates a 29.2 KHz, 7 bits
resolution, differential triangular-waves, and an output-response-analyzer, which includes a

differential-to-single-ended circuit and a dual-comparator.
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5.2 Future Work

There are some key-points should be improved in this thesis:

(1) Bandwidth of opamp: we implement a fully-differential opamp with unity-gain
frequency at 770 MHz, if we achieve higher bandwidth, we can make the system

operating in higher sampling frequency.

(2) Resolution of the triangular-wave: we achieve 7 bits resolution in this thesis, and we
find the main accuracy limitation is because of the CMFB. It introduces

common-mode voltage error during a period.

(3) DNL and INL error of drfferential-to-single-ended circuit: The DNL and INL error
increase rapidly when output voltage close to analog ground. How to solve this

problem is an important point of future works.

(4) Controllable-frequency TWG: We realize a TWG with a fixed-frequency test
waveform. However, we can add some digital circuits to achieve

controllable-frequency capability.
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