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Abstract This work presents an efficient on-chip ramp

generator targeting to facilitate the deployment of Built-

In Self-Test (BIST) techniques for ADC static linearity

characterization. The proposed ramp generator is based

on a fully-differential switched-capacitor integrator that

is conveniently modified to produce a very small inte-

gration gain, such that the ramp step size is a small

fraction of the LSB of the target ADC. The proposed

ramp generator is employed in a servo-loop configura-

tion to implement a BIST version of the reduced-code

linearity test technique for pipeline ADCs, which dras-

tically reduces the volume of test data and, thereby, the

test time, as compared to the standard test based on

a histogram. The demonstration of the pipeline ADC

BIST is carried out based on a mixture of transistor-

level and behavioral-level simulations that employ ac-

tual production test data.
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1 Introduction

The advance of integration capabilities in current

CMOS technologies makes possible the integration of

highly complex mixed-signal systems. At the same time

standard test procedures for the embedded mixed-

signal devices are becoming a major bottleneck in the

production line.

Nowadays, Automatic Test Equipment (ATE) sup-

pliers are proposing a modular tester approach. The

tester is equipped with different type of options depend-

ing on the Device Under Test (DUT) requirements: dig-

ital options, analog options, RF options, power options,

etc. The nature of the DUT building blocks (i. e. digi-

tal, analog, RF, power, etc.) will then define the tester

configuration (tester options) and obviously the tester
cost. From an industrial point of view, test cost can be

simplified and split into two main components. To a

first order, the Capital Expenditure (CapEx) is defined

as the cost of ATE hardware, and the Operational Ex-

penditure (OpEx) is defined as the labor cost ensuring

the ATE is up and running. Other expenses (recurrent

or not) add to the total cost, as test boards, test sockets,

or maintenance, and can be considered as second order

costs. For high volume production, the main cost differ-

entiator in this scheme is the CapEx component, and

the presence of analog and mixed-signal components in

the DUT has a direct impact in this cost component, as

the cost of an analog tester channel is about ten times

the cost of a digital tester channel.

For the particular case of standard static linearity

tests for ADCs, there are stringent requirements re-

garding the linearity of the analog stimulus that must

be provided by the ATE. Moreover, a large amount of

samples have to be collected and analyzed due to the
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noise sensitivity of the measurements, which increases

test time.

BIST approaches represent a promising solution to

relax ATE requirements and reduce test time. BIST

consists of integrating the analog test equipment in-

side the ADC under test (ADCUT). For example, the

standard test of a 12-bit ADC should require one ana-

log channel for the ADC input, twelve digital channels

for the ADC outputs, and one additional channel for

the ADC clock input. In a BIST configuration, it can

be computed that 43% of the CapEx cost is skipped

because the analog stimulus generator is integrated to-

gether with the ADCUT and, thereby, the analog chan-

nel in the tester is no longer needed. Another benefit

of integrating the test stimulus generator within the

ADC is the noise sensitivity. In the standard approach,

generating the test stimulus in the ATE, routing it in-

side the chip, and then routing the test response back

to ATE may provide ten times more noise to the mea-

sured performance of the ADC, which can be problem-

atic for measurements that require high-resolution. In

contrast, in the case of BIST, all test operations take

place inside the chip, thus reducing the noise level in the

measurements. In short, the development of BIST for

high-resolution ADCs is a promising solution for simpli-

fying the test and reducing costs. Test stimulus gener-

ation, signal manipulations, and test response analysis

remain internal to the system, the problem of accessing

a deeply embedded ADC is eliminated, and the require-

ments on the ATE, hence its cost, are greatly reduced.

On the other hand, BIST approaches are not free of

shortcomings either. Embedded test instruments have

to be co-designed together with the ADCUT, which in-

curs area and power consumption overheads and longer

design time. The trade-off between benefits and dis-

advantages of BIST strategies has to be carefully con-

sidered for a successful application. Typically, industry

standard practice accepts an area overhead up to 10%

for analog and mixed-signal BIST. Power overhead is

rarely an issue, since BIST circuitry is powered off dur-

ing normal operation, and design effort can be reduced

by devising reusable embedded test instruments that

can be migrated across different technological nodes

and reused in different devices under test.

In [20], an efficient on-chip ramp generator suit-

able for mixed-signal BIST applications is presented.

In this paper we extend the work in [20]. In particular,

we demonstrate the use of the ramp generator towards

a BIST implementation of a reduce-code linearity test

technique for pipeline ADCs [13]. Furthermore, the pro-

posed BIST is validated using actual test data from an

11-bit 2.5 bits/stage pipeline ADC provided by STMi-

croelectronics.

This paper is organized as follows. Section II

presents a review of previous works on this topic. Sec-

tion III presents our proposal for an efficient on-chip

ramp stimulus generator. Section IV discusses the prac-

tical on-chip implementation of a reduced-code linear-

ity test technique for pipeline ADCs using the proposed

ramp generator in a servo-loop configuration. Section V

presents experimental results that prove the effective-

ness of the proposed ramp generator and the feasibility

of the on-chip implementation of the reduced-code lin-

earity test technique for pipeline ADCs. Finally, Section

VI summarizes the main contributions of this work.

2 Previous work

The on-chip generation of highly pure ramp stimuli for

ADC static linearity test applications remains an open

research topic and several works in this line have been

presented in the recent years.

In [9], a linear ramp is generated from a closed-loop

ramp generator with an eight-phase clock. It is com-

posed of an integrator that senses the amplitude of the

output ramp and generates a voltage that is propor-

tional to its slope. This signal is then fed to a voltage-

to-current converter and the transconductance of the

converter is used to control the current at the input of

the ramp integrator. The frequency of operation can be

set between 100 Hz and 100 kHz for a ramp between

-2 V and 2 V on a 1 µs to 1 s time range. However, the

generator is not compensated for the operational ampli-

fier offset and the amplitude feedback only guarantees

the correctness of the starting and ending voltages and

not the linearity of the ramp during the sweep.

In [7], a BIST scheme to test an ADC and a DAC

on the same chip is proposed. The histogram is derived

on an 8-bit ADCUT by using a 1-bit DAC convert-

ing a stored 1-bit Σ∆ stream into a sawtooth ramp.

The maximum simulated INL estimation error is about

0.049 LSB for a test of 12781 clock cycles. However, ex-

tensive resources are needed to filter the shaped quan-

tization noise in the Σ∆ sequence.

In [23], two different architectures for the implemen-

tation of on-chip ramp generators are presented. The

first circuit is a slow-slope current source-C ramp gen-

erator which charges a large capacitor with a small cur-

rent generated by a cascode current source. A voltage

buffer is added to the output in order to prevent cur-

rent leakage. The second circuit is a relaxation triangle-

wave generator. It consists of a circuit controlling two

switches to charge or discharge a capacitor. It is also

intended to work at a higher frequency to explore the

dynamic behavior of the ADC. Simulation results on

an ideal 10-bit ADC show a maximum DNL estimation
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error of 0.03 LSB for the first generator and a 0.15 LSB

estimation error for the second generator.

In [3], a continuous-time ramp generator is designed

by charging a capacitor with a constant current source.

The ramp slope is very sensitive to process variations

and a calibration scheme is presented to counter this

issue. In [19], the authors also employ the charging ca-

pacitor concept with an adaptive scheme to calibrate

the output ramp. Three circuits with increasing com-

plexity are proposed.

The works in [10,11,8] present a different solution

to the problem aiming at relaxing the linearity require-

ments of the generated test stimulus. In particular,

the approach in [10] proposes to use a low resolution

DAC with redundant and poorly matched elements to-

gether with a Deterministic Dynamic Element Match-

ing (DDEM) strategy, in order to estimate the static

characteristics of a high resolution ADC. This work

demonstrates that a 8-bit DAC with DDEM can be

used to test a 12-bit ADC. In [11,8], advanced post-

processing techniques are proposed to identify and re-

move the non-linearity of the input stimulus from the

output of the ADC. Both techniques rely on the se-

quential application of two non-linear stimuli that only

differ by a constant DC offset.

Other works presented in the literature are focused

on reducing the static test time for ADCs [6,12–16,18].

These strategies take advantage of the repetition of de-

sign structures in certain ADC architectures, such as

pipeline and Successive Register Approximation (SAR)

ADCs, to drastically reduce the number of samples that

are needed for static linearity characterization. In [16],

the authors propose a reduced-code selection technique

for the 1.5-bit/stage architecture. However, only com-

parator offset errors are considered when analyzing the

distribution behavior of the transition edges, thus this

technique has limitations and can fail in practice. The

technique in [16] is improved in [12–15] where the de-

veloped solution does not make any assumption on the

error sources affecting the static linearity characteris-

tic of the ADC and is also immune to noise in the

ADC. Reduced-code linearity testing techniques pro-

vide a great reduction on test time and data volume

transfer to the tester, which make them very suitable

for high volume production test. On the other hand,

these techniques so far were not intended for BIST since

they still need a controlled and precise analog test stim-

ulus that has to be provided by the tester. In this work,

we detail the design of an efficient on-chip ramp gener-

ator and discuss its application towards a full BIST for

pipeline ADCs based on the reduced-code test strategy

described in [13].

3 On-chip discrete-time integrator-based ramp

generator

3.1 Proposed ramp generation technique

The proposed ramp generation technique, originally de-

scribed in [21] and further developed in [20], is based

on a two-input switched-capacitor (SC) integrator with

a small capacitance difference in its input sampling ca-

pacitors, Ci1 and Ci2. Fig. 1 shows the schematic of

the proposed ramp generator. The core of the pro-

posed ramp generator is a fully-differential parasitic-

insensitive SC integrator that operates with two non-

overlapping clock phases, φ1 and φ2. Digital control

signals φup and φdown set the sign of the ramp slope

for each integration step, signal φreset performs a re-

set of the integrating capacitor, and signal φ0 is added

to charge the output of the integrator to a reference

voltage Va for measurement calibration purposes. The

interested reader is referred to [21] for a detailed de-

scription of the measurement calibration procedure.

The output of the integrator, under ideal conditions,

is given by

Vout(n) = Vout(n− 1) +
Ci2 − Ci1

CF
Vref (1)

at time t = nTclk, where Tclk is the integrator clock

period, Vref is an input DC reference voltage, and CF
is the integrator’s feedback capacitor. As it can be de-

rived from (1), the integrator output is a stepwise ramp,

and the magnitude of the steps depends on the capaci-

tance difference between Ci1 and Ci2. This capacitance

difference is implemented at layout level by eliminat-

ing one metal finger from one of the capacitor plates

to deliberately create a mismatch between the input

capacitors. Clearly, this implementation choice, despite

being simple, is prone to variations of the ramp step

size due to random mismatch in the capacitors. More-

over, other non-idealities, such as noise, offset, integra-

tor finite gain and leakage, switches charge injection

and clock feedthrough, etc., have also an impact in the

performance, i. e. resolution and linearity, of the ramp

generator. In the next subsection, we analyze the ef-

fect of the main non-idealities in the ramp generator

and we provide guidelines to reduce their impact in the

generator performance.

3.2 Design considerations for a practical on-chip

implementation

3.2.1 Operational amplifier design

The operational amplifier is a standard fully-differential

two-stage folded-cascode topology with Miller com-



4 Guillaume Renaud et al.

−

+
−

+
A0

φup

φdown

φdown

φup

Vref

Ci1φ1

V in
cm

φ1a

V out
cm

φ2

φ2a · φ0

Ci2φ1

V in
cm

φ1a

V out
cm

φ2

φ2a · φ0

V out
cm

φAZ

φAZ · φ0
CAZ

φAZ · φ0

CF

φreset

Va/2

φ0

φ0

φ0

V out
cm

φsample

Ci1
φ1

V in
cm

φ1a

V out
cm

φ2

φ2a · φ0

Ci2
φ1

V in
cm

φ1a

V out
cm

φ2

φ2a · φ0

V out
cm

φAZ

φAZ · φ0

CAZ

φAZ · φ0

CF

φreset

−Va/2
φ0

φ0

φ0

V out
cm

φsample

Vout

Fig. 1: Fully differential switched-capacitor ramp generator

pensation. Fig. 2a shows the topology of the ampli-

fier (the bias voltage circuitry is not shown for sim-

plicity). The outputs of the two stages are connected

to a dynamic switched-capacitor common-mode feed-

back (SCCMFB) network [4], as shown in Fig. 2b,

that defines the common-mode voltage for the differen-

tial output nodes. A differential configuration enables

a high common-mode rejection ratio, improved immu-

nity to charge injection and clock-feedthrough from the

switches, and suppression of even harmonics, thus en-

hancing the linearity of the amplifier. Moreover, this

topology with class-AB second stage yields a higher

gain and larger output swing compared to the folded-

cascode stage. Using a simple pole-zero analysis, the

two-stage amplifier transfer function is modeled as

HOA(ω) =
A0(1 + jω/z1)

(1 + jω/p1)(1 + jω/p2)
, (2)

where, assuming 1/p1 >> 1/p2,

A0 =
gm1gm3gm4gm7

(gm4gds3(gds1 + gds2) + gm3gds4gds5)(gds7 + gds8)
,

(3)

p1 ≈
gm1

A0CC
, (4)

p2 ≈
gm7

CL
, (5)

z1 =
gm7

CC(gm7RZ − 1)
, (6)

GBW = A0p1 ≈
gm1

CC
. (7)

The resistance Rz is taken equal to the inverse of

gm7 to suppress the zero pole. Alternatively, its value

can be increased to enlarge the phase margin of the

amplifier. The gain can be maximized by increasing the

transconductance and reducing the output conductance

of transistors M1−M ′1, M3−M ′3, M4−M ′4, M7−M ′7.

Transconductance of transistors M7−M ′7 must be high

enough to push the second pole to frequencies above

the gain-bandwidth frequency.

The common-mode voltage for each stage is pro-

vided by dynamic SCCMFB networks. As shown in Fig.

2b, the two SCCMFB networks are controlled by non-

overlapping clock phases φcmfb1 and φcmfb2 . The first

SCCMFB samples the output voltage of the folded-

cascode stage. When φcmfb1 is active, each charge capac-

itor Cch is charged to the differential voltage between

the reference common-mode voltage V outcm and the bias

voltage Vbiasn of transistors M2−M ′2. Then during the

φcmfb2 phase, the charge kept in the charge capacitors

are transferred to the hold capacitors Ch whose voltage

is updated and compensates the common-mode voltage

difference between the output nodes until the next clock

cycle. If the output common-mode is below its ideal

value, the M2 − M ′2 bias voltage is raised to counter

the deviation, and vice versa. Similarly, the second SC-

CMFB samples the output voltages of the second stage

[24]. The output common-mode voltage is then used

to control two common source amplifiers, M7FB and

M ′7FB , that drive the output nodes by pumping or

pushing current into the output branches. As it is de-

scribed in [4], the common mode voltage settling time
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Fig. 2: (a) Fully differential two-stage folded-cascode operational amplifier; (b) First-stage and second-stage SC-

CMFBs networks.

depends mainly on the ratio between the charge capac-

itor Cch and the hold capacitor Ch. Their values are

chosen to limit KT/C noise in the common-mode feed-

back branches and at the same time be reasonably small

to reduce area overhead.

3.2.2 Finite gain and integrator leakage

A direct consequence of the finite amplifier gain is the

integrator leakage. In each integration cycle, only a frac-

tion α of the previous integrator output voltage is added

to the input sample. The integrator leakage limits the

gain of the integrator, as well as the ramp linearity. The

Z-transform transfer function of the SC integrator with

leakage can be expressed as

HINT (z) = g
z−1

1− αz−1 (8)

with

g ≈ Ci2 − Ci1
CF

(
1−

1 +
Ci2
−Ci1

CF

A0

)
,

α ≈ 1− Ci2 − Ci1
A0CF

.

These effects can be minimized by choosing a high

gain A0 as well as a small input capacitance difference

Ci2 − Ci1.

3.2.3 Gain bandwidth and slew rate

The proposed on-chip ramp generator is intended for

ADC static linearity test applications. In order to char-

acterize the linearity of an ADC, we must ensure that

the ADC works under quasi-stationary conditions. This

means that the ramp generator has to operate at a clock

frequency that is significantly lower than the sampling

rate of the ADC, such that practically the ADC sam-

ples a DC voltage. In other words, each output ramp

step must settle completely on the integrating phase

φ2, such that the ADC digitizes a quasi-constant value

when on its active phase. However, the clock frequency

of the ramp generator should not be so slow to the point

where the feedback capacitor starts discharging during

the conversion significantly affecting the operation of

the integrator. Given the above discussion, the GBW

requirement can be relaxed while the slew rate (SR)

requirement becomes more stringent. The SR can be

expressed as

SR =
Im6

CC
, (9)

where Im6 is the current flowing through transistor M6.

From equation (9), we can select Im6 and Cc to achieve

a sufficiently high SR, keeping in mind that Im6 should

be sufficiently small so as to avoid prohibitive power

consumption (in any case, power consumption is not

an important issue here since the ramp generator is

powered on only in test mode), and Cc should have

a value that guarantees the stability of the amplifier

while incurring the smallest area possible. Thereafter,

from (7), gm1 is selected to be sufficiently high enough

to achieve the required GBW.
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3.2.4 Noise

Due to the switch-capacitor implementation of the in-

put branches, all noise sources are uncorrelated dur-

ing phase φ1 but correlated during phase φ2 because

Ci1 and Ci2 are sampling the amplifier noise simultane-

ously. In the presence of noise, the Z-transform transfer

function of a single-ended integrator can be expressed

as

Vout(z) =
Ci2 − Ci1

CF

z−1

1− z−1Vref +Nout(z), (10)

with

Nout(z) =
Ci1
CF

z−1Nφ1

i1
(z)−Nφ2

i1
(z)

1− z−1

+
Ci2
CF

z−1Nφ1

i2
(z)−Nφ2

i2
(z)

1− z−1 ,

where Nφk

i1
and Nφk

i2
, k ∈ {1, 2}, are the noise voltages

sampled by the input capacitors Ci1 and Ci2 during

phases φ1 and φ2.

The equivalent input voltage of the integrator in

the differential case, integrated from 0 to Tclk/2, can

be expressed as [17][22]

V noisein =

√
KbT

(
θCi1

Ci1
+
θCi2

Ci2

)
, (11)

with

θCi1
= 2(1 + βGBW (2Ron

C2
i2

Ci1
+
ROA

2
(Ci2 +

C2
i2

Ci1
))),

θCi2
= 2(1 + βGBW (2Ron

C2
i1

Ci2
+
ROA

2
(Ci1 +

C2
i1

Ci1
))),

where Kb is the Boltzmann constant, T the absolute

temperature, Tclk the period of clock phases φ1 and φ2,

Ron the resistance value of the switches when closed,

β = CF /(CF + Ci1 + Ci2) is the feedback factor of

the integrator, and ROA is the equivalent input-referred

noise resistance of the amplifier

ROA =
2

3gm1
(1 +

gm2

gm1
+
gm5

gm1
+

gm7

gm1A2
0

), (12)

with

V noiseOA =

√
V 2
n1

+ (
gm2

gm1
)
2
V 2
n2

+

√
(
gm5

gm1
)
2
V 2
n5

+ (
gm7

gm1A01

)
2
V 2
n7

(13)

=
√

4KbTROA,

V 2
np

=
8KbT

3gmp

. (14)

To minimize the amplifier input noise, the dimensions

of the switches should be set appropriately high to re-

duce Ron, gm1 should be set sufficiently high to reduce

ROA (the last term in the expression of ROA can be ne-

glected since A0 is very large), and Ci1 and Ci2 should

be selected sufficiently high to limit KT/C noise, keep-

ing in mind that the largest their values are the more

difficult will be to achieve a small mismatch that results

in a sufficiently small ramp step size.

3.2.5 Amplifier offset

Due to mismatch in transistors, a non-negligible offset

voltage can appear at the amplifier input. This offset is

integrated at each integration phase together with the

input signal unless correction is applied. The integrator

output can be expressed during phase φ2 as

Vout(n) =Vout(n− 1) +
Ci2 − Ci1

CF
Vref

+(1 +
Ci1 + Ci2

CF
)Vos. (15)

The offset can significantly affect the ramp’s step size,

given that Ci1 and Ci2 are approximately equal. We

can distinguish a deterministic and a random compo-

nent in the amplifier offset. The former can be greatly

reduced by careful design and dedicated layout tech-

niques. The latter is due to mismatch in transistors of

the differential branches. Various techniques have been

proposed for the cancellation of the random offset com-

ponent in SC circuits [5]. The proposed ramp genera-

tor design employs a simple closed-loop auto-zero tech-

nique to compensate the effect of the integrator offset.

The employed auto-zero technique has a closed-loop im-

plementation because the open-loop one would destroy

the amplifier gain. As detailed in [5], it is a classical

offset compensation technique that relies on the use of

a capacitor to store the offset and subtract it from the

output. As shown in Fig. 1, capacitor CAZ is used to

store the amplifier offset during the sampling phase and

to subtract this offset in the integration phase. The in-

terested reader is referred to [5] for an analytical de-

scription of the technique. It can be demonstrated that

the residual offset at the integrator output is propor-

tional to the ratio of the uncompensated charge in-

jection produced by the integration switches and the

amplifier gain. The fully differential architecture and a

high amplifier gain contribute to reduce the effect of

this residual uncompensated offset.
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3.2.6 Charge injection and clock feedthrough

Each switch is designed as a CMOS switch, consisting

of a PMOS and a NMOS with shorted source and drain

nodes. The CMOS implementation is useful to reduce

the Ron equivalent resistance of the switch. Charge in-

jection is caused by stray capacitance associated with

the NMOS and PMOS transistors. The gate-drain ca-

pacitance associated with the PMOS device is about

twice that of the NMOS device, because for both de-

vices to have the same on-resistance, the PMOS device

has to be about twice as large as the NMOS device.

Charge injection occurs at the end of phase φ1 when

input voltage sampling is over and the input switches

are turned off. The charge exiting the drain gets in-

jected in the input capacitors, adding an offset to the

sampled voltage. If the PMOS and NMOS switches had

the same dimensions, the liberated charges would can-

cel each other due to their opposite signs. However,

this is not true due to mismatch in transistors and be-

cause charge injection is signal dependent. Nevertheless,

charge injection can be limited by using several design

techniques as discussed in [5].

The proposed ramp generator design employs two

techniques to reduce the charge injection in the

switches. The first technique is to connect dummy tran-

sistors on both sides of the CMOS switch to reduce

the stray capacitor mismatch, as shown in Fig. 3. They

have the same length as the main switches but half

their width and their drain and source are connected

together. When the main switch turns off, the dummy

switches turn on, and acquire the same amount of

charge that the main switch has lost. The second tech-

nique employs the bottom plate of the sampling ca-

pacitor. Using advanced clock phases with respect to

the integrator clock, labelled φ1a and φ2a in Fig. 1, the

switch at the bottom plate of the capacitor opens be-

fore the switch at the top plate of the capacitor. When

the top plate switch opens, the bottom plate is float-

ing and no charge is injected into the capacitor. These

two techniques are implemented on each switch and the

clocking of the integrator is set accordingly. Addition-

ally, the effects of charge injection are further reduced

by the fully differential architecture of the integrator,

since charge injection in the positive and negative signal

paths tend to compensate.

Clock feedthrough is due to the gate-to-source

capacitors, interconnect parasitic capacitors of the

switches and substrate coupling. They cause the clock

signal to be coupled into the analog signal path and add

an offset to the sampled voltage as well. It is reported

that in most cases this effect is dominated by clock in-

jection effects. However, similar to the case of charge

injection, it can be reduced by increasing the sampling

capacitor.

4 Practical on-chip implementation of

reduced-code static linearity test for pipeline

ADCs

4.1 Underlying principle

The reduced-code linearity testing method for pipeline

ADCs achieves significant static test time reduction

through the exploitation of an inherent property of the

pipeline ADC architecture [12–16]. This inherent prop-

erty states that if we traverse the input dynamic range

of the ADC, we observe that there exist different out-

put transitions between consecutive codes that are due

to same comparator being exercised (e.g. its threshold

is crossed) in one of the pipeline stages. This is illus-

trated by the transfer characteristic in Fig. 4, where tik
corresponds to an output transition that is due to the

ith comparator in the kth stage being exercised. This in-

herent property can be exploited for reducing the static

test time as explained below.

Any non-ideality in a pipeline stage (i.e. finite op-

amp gain, capacitor mismatch, op-amp offset, sub-ADC

comparators offset, etc.) will be translated to a DNL

error of all ADC output codes that involve an output

transition that is due to a comparator being exercised

in this pipeline stage. An ADC output code shares two

adjacent ADC output transitions that involve two dif-

ferent comparators, possibly belonging to two different

pipeline stages, as shown in the example of Fig. 4. The

stage that is closer to the front of the pipeline will dom-

inate the DNL error that is finally produced. In the

example of Fig. 4, let us assume that the kth stage is

closer to the front of the pipeline compared to the bth,

dth, f th, and hth stages. This means that the width of

codes µ, µ+1, λ, and λ+1 are principally affected by the

non-idealities in the kth stage. Furthermore, it means

that the widths of the codes λ and λ+ 1 are practically

equal to the widths of the codes µ and µ + 1, respec-

tively. Thus, we need to measure the width of either µ
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Fig. 4: Reduced-code testing technique principle

or λ and the width of either µ+ 1 or λ+ 1. Extending

this argument, let us assume that we know the map-

ping between the transitions in the ADC output and

the comparators in the pipeline stage that are being

exercised to produce these transitions. If we measure

only the codes around a representative set of ADC out-

put transitions such that this set covers all comparators

in all stages and each comparator is represented once in

this set, then, by relying on the mapping, we can readily

assign values to the widths of unmeasured codes around

the unselected ADC output transitions. In other words,

we measure a reduced number of codes in the histogram

and we fill in the rest of the histogram automatically by

relying on the information in the extracted mapping.

With regard to static test time, it is mainly governed

by the transfer time of data from the ADC under test

to the memory of the ATE and from the ATE to the

workstation where the data will be processed for con-

structing the histogram. The pure electrical test time

is rather negligible compared to the data transfer time.

The reason is that data produced during static test have

a very high volume. Specifically, during static test the

excitation of dynamic phenomena should be avoided.

This imposes strict limitations to the frequency of the

test stimulus, which has to be necessarily slow to en-

sure static operation. Moreover, static test is very sen-

sitive to noise, which makes it necessary to average

the measurements across multiple runs. In a standard

histogram test, these requirements translate to using

a slow ramp as test stimulus (a typical slope may be

around 100 hits/code) and applying this ramp multiple

times to average noise (typically around 100 full-scale

ramps are applied). As an example, for an 11-bit ADC,

these conditions would produce N = 2048× 104 11-bit

values to be read out. Thus, in the case of the reduced-

code linearity test technique, if we measure X% of the

codes, which compared to the standard histogram tech-

nique translates into transferring only X% of the data,

then we drastically reduce the static test time. Overall,

we expect to have a test time reduction slightly be-

low (100-X)% given that compared with the standard

histogram technique we have the extra step of deriv-

ing the mapping. The derivation of the mapping needs

to be carried on a chip-by-chip basis because the map-

ping may change due to process variations. From the

above discussion, it is clear that deriving an accurate

mapping is a crucial step in the method. For this pur-

pose, it has been proposed to monitor directly the out-

puts of the pipeline stages [14,15] and to cancel out the

noise in the transitions of the pipeline stages [12,13].

Two important recommendations include (a) consider-

ing measuring more than two codes around the ADC

output transitions that involve comparators which be-

long to the stages that are closer to the front of the

pipeline so as to account for large linearity errors and

(b) avoiding selecting an ADC output transition for a

comparator in a given target stage that involves in ad-

dition a comparator in one of the previous stages so as

not to overshadow the DNL error produced by the tar-

get stage. The interested reader is referred to [12–15]

for more details on the method.

4.2 Practical BIST implementation

The proposed ramp generator is key for implementing

a BIST version of the reduced-code linearity testing

method for pipeline ADCs. The other key component

is a digital BIST engine that makes use of the available

on-chip DSP and memory resources, but this compo-

nent is out of the scope of this paper. There are ba-

sically two test configurations, as shown in Fig. 5. In
the first test configuration (Fig. 5a), the ramp signal is

applied to the input of the pipeline ADC. The BIST

engine monitors the outputs of the pipeline stages and

the ADC output transitions as we traverse the input

dynamic range and provides the mapping between the

ADC output transitions and the comparators that are

being exercised in the pipeline stages, as well as the re-

duced set of ADC output transitions and the surround-

ing codes whose widths will be measured directly. In the

second test configuration (Fig. 5b), the pipeline ADC is

connected in a servo-loop where the ramp signal gener-

ator is used to measure the widths of the codes around

the selected ADC output transitions. The code widths

measurements are transferred to the BIST engine and

are combined with the mapping information to recon-

struct the histogram and calculate the DNL and INL

profiles.

The proposed servo-loop configuration is a modified

version of the classical servo-loop [1,2]. As depicted in

Fig. 5b, the continuous-time ramp stimulus generator
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used in the standard servo-loop is replaced by the pro-

posed discrete-time ramp stimulus generator. The op-

eration is quite similar to the classical servo-loop. The

code width is measured by counting the number of ramp

steps with a digital counter as we traverse the input

range between the two transitions that correspond to

the target code. Specifically, starting at the transition

at the left of the target code, if the output ADC code

is the target code, the ADC input is raised in steps and

the counter starts incrementing until the transition at

the right of the code is crossed, in which case the out-

put ADC code becomes the code next to the target

code. Then, the ADC input is lowered in steps, and the

counter continues to increment until the transition at

the left of the target code is crossed, in which case the

output ADC code becomes the code before the target

code. The process is repeated r times oscillating the

ADC input around the input range that corresponds

to the target code so as to average the combined ramp

generator and ADC noises. The number of steps per

code for code ck is expressed as

m̂k =

∑r
i=1m

cnt
i

2 · r , k = 1, 2, ..., 2N − 1 (16)

where mcnt
i the number of steps counted during excur-

sion i. The expression is divided by a factor 2 because

the number of steps is summed in both upward and

downward excursions. The number of steps per code m̂k

is then multiplied by the step size to evaluate the width

of code ck. Once the width of the target codes around

the selected set of representative ADC transitions have

been measured, we can reconstruct the full ADC static
transfer characteristic by mapping these measurements

to the rest of unmeasured codes in the ADC as ex-

plained in[13]. DNL and INL figures can be then easily

extracted from the static ADC characteristic using their

standard definitions.

5 Results

5.1 Discrete-time integrator-based ramp generator

The proposed ramp generator was designed using

STMicroelectronics 65nm CMOS technology. The AD-

CUT is an 11-bit 2.5 bits/stage pipeline ADC with a

1 V full scale. Given this target application, our design

goal is a ramp generator that is able to generate a lin-

ear stepwise ramp with a step magnitude of around 100

µV, that is, around 0.2 LSB regarding the target ADC,

in the voltage range from 0 to 1 V. Taking into account

the design trade-offs discussed in the previous sections,

ADCUT
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V
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Fig. 5: Practical BIST implementation of the reduced-

code linearity testing technique for pipeline ADCs: a)

Code selection; b) Discrete-time integrator-based servo-

loop.

Table 1 shows the main design parameters for the prac-

tical implementation of the ramp generator, such that

it complies with the requirements set by the target

application, as well as and the achieved performance

obtained by electrical transistor-level simulation. The

layout of the ramp generator has been designed and

its area is 0.1 mm2, which is below 10% of the area

of practical high-performance ADCs at this resolution.

This BIST area overhead is deemed acceptable by the

industry.

The ramp generator is simulated under typical pro-

cess conditions, with a 200 kHz clock frequency, and

using a 2 V differential DC input as voltage reference.

The generated stepwise ramp has a nominal resolution

of 13.3 bits, with an average step of 96.7 µV. As a mea-

sure of the ramp linearity, Fig. 6 shows the difference

between each integration step in the generated ramp

and the average step. As it can be seen, the deviation

of the step size is very well contained within the range

[−3, 3] µV along the considered voltage range. We de-

fine the slope error per step as the difference between

the slope of the ramp connecting the middle points of
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Table 1: Ramp generator parameters

Parameter Units Design target Electrical simulation

A0 dB >80 92.5
Phase Margin ° >60 75

GBW MHz >90 95
Common mode input range V >2 -2.38/2.39

Common mode output range V >2 -2.28/2.28
SR V/µs >100 156

tsettling ns <100 60
Nominal clock frequency kHz 200 −
Minimum clock frequency kHz 1 −

Ci pF 1 −
Ci1 − Ci2 fF 1 −

CF pF 10 −

Fig. 6: Deviation of the magnitude of the steps with

respect to the average ramp step.

Fig. 7: INL of the generated ramp.

two consecutive steps and the slope of a linear fit to an

ideal ramp that crosses through the middle points of

the steps. The average slope error, that is, the average

of slope errors per step over all steps, is computed to be

−0.040%. In the same way, we can compute the INL of

the generated ramp from the values in Fig. 6, defined as

the difference between the actual position of the middle

point of each step and its ideal position. The complete

INL characteristic of the generated ramp is shown in

Fig. 7. The maximum INL of the generated ramp is

around 580 µV, that is, around 6 average steps.

Fig. 6 clearly shows a constant linear decrease of

the ramp step size across the considered full-scale that

Fig. 8: Deviation of the magnitude of the ramp steps

with respect to the average ramp step at different op-

eration temperatures.

can be explained by the effect of the integrator leak-

age. Consequently, the INL curve in Fig. 7, obtained by

integrating the DNL curve, shows a very characteristic

parabolic shape. These results indicate that the main

source of static non-linearity in the proposed ramp gen-

erator design comes from the integrator leakage and, to

a lesser extent, from the residual integrator offset.

It is also worth noticing that the proposed measure-

ment strategy takes advantage of the smooth shape of

the INL curve and the well-contained evolution of the

ramp step size. Since the proposed reduced-code linear-

ity test technique only requires the measurement of the

widths of a limited set of codes, the ramp stimulus is

only required to be locally linear in the vicinity of the

target codes, as long as the ramp step size is relatively

constant and only a small fraction of the LSB.

In order to further validate the performance of the

proposed ramp generator under different operation con-

ditions, Fig. 8 shows the deviation of the step size of the

generated ramp across the complete voltage range of the

ramp for corner temperatures T = 0°C and T = 75°C
and for the nominal temperature T = 27°C. As it can be

observed, the impact of temperature variations in the

linearity of the ramp is well controlled. The resulting
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Fig. 9: Histogram of the resolution of the generated

ramp obtained by Monte Carlo process and mismatch

simulations.

average step sizes are 96.9 µV and 97.1 µV for T = 0°C
and T = 75°C, respectively. Compared to the 96.7 µV

average step size for T = 27°C, the change of the mag-

nitude of the average step size due to stressed temper-

ature operation is below 0.5%.

In order to show the impact of process variations

and mismatch on the performance of the proposed

ramp generator, we carried out a set of Monte Carlo

transistor-level electrical simulations of the complete

system using the actual Process Design Kit (PDK) of

the technology. To speed up the simulation process, dur-

ing each Monte Carlo iteration we monitor at fixed time

instants the step size of the generated ramp (which is

relatively stable as shown in Fig. 8), and the iteration

is stopped and skipped if the step size is small and well

within the design goal. In this way, we bias the Monte

Carlo simulation towards worst cases and we generate

such worst cases with less computational effort.

Fig. 9 and Fig. 10 show the histograms of the ramp

resolution and average step size, respectively, for 250

Monte Carlo runs. As it can be seen, the obtained res-

olution and step size are well contained in the range of

11.4-13.7 bits and 100-300 µV , respectively, which com-

ply with the requirements of our target application.

Fig. 11 shows the histogram of the average ramp

slope deviation for the 250 Monte Carlo runs. As it

can be seen, this deviation is well centered around the

−0.2% value and the observed worst case value close to

−6% is still deemed very acceptable.

Fig. 10: Histogram of the step size of the generated

ramp obtained by Monte Carlo process and mismatch

simulations.

Fig. 11: Histogram of the average slope error of the

generated ramp obtained by Monte Carlo process and

mismatch simulation

5.2 Reduced-code linearity testing of a pipeline ADC

using a discrete-time integrator-based servo-loop

To demonstrate the feasibility and performance of the

proposed ramp generator in an actual test application,

we employ the ramp generator to implement an on-

chip servo-loop-based reduced-code linearity test tech-

nique for pipeline ADCs. The ADCUT is an 11-bit 2.5

bits/stage pipeline ADC IP provided by STMicroelec-

tronics.

The complete test setup described in Fig. 5 has

been modeled in Matlab. Realistic behavioral models

have been developed for the ADC and ramp genera-
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tor. The ADC model has been derived from the actual

static characteristic of the ADC, which was measured

in the lab using the standard histogram technique on

dedicated bench-top equipement. On the other hand,

the ramp stimuli have been directly captured from

the transistor-level electrical simulations of the com-

plete ramp generator. The BIST engine, digital counter,

and word comparator blocks are digital circuits and,

thereby, for simplicity, have been considered as ideal

blocks in this work.

According to the reduced-code algorithm in [13], in

order to characterize the complete static characteris-

tic of the ADCUT we only need to measure the code

widths around a reduced set of selected transitions.

Specifically, we only need to measure the widths of 8

codes around the 6 transitions of the first stage, 6 codes

around the 6 transitions of the second stage, 4 codes

around the 6 transitions of the third stage, and 2 codes

around the 6 transitions for the fourth and fifth stages.

The interested reader is referred to [13] for a detailed

description of the algorithm for relevant code selection.

Only 132 out of 2046 codes of the ADCUT are mea-

sured, which represents about 6% of the total number

of codes, resulting in a significant test time reduction.

Fig. 12 shows the estimated INL using the proposed

BIST scheme. Each code is traversed r=50 times in

the servo-loop configuration so as to average out noise

effects. Fig. 12 also shows the actual INL values ob-

tained from a traditional histogram test for the pur-

pose of comparison, as well as the INL estimation er-

ror. As it can be seen, under nominal conditions the

INL estimation error is well controlled in the range

[−0.5LSB,+0.5LSB].

In order to estimate the robustness of the proposed

BIST to process variations and mismatch, we performed

Monte Carlo transistor-level electrical simulation of the

ramp generator with 250 runs, and we employed the test

set up of Fig. 5 250 times, each time using a different

ramp generator instance. Fig. 13 shows the histogram

of the maximum INL estimation error in absolute val-

ues recorded for each run. As it can be seen, the INL

estimation error is always below 1 LSB with an average

absolute value around 0.5 LSB. Results in [13] show

that INL estimation error using an ideal ramp, that

is, the INL estimation error that is exclusively due to

the reduced-code linearity test technique itself, is in the

range [−0.5LSB,+0.5LSB]. According to our results in

Fig. 13, in the worst-case scenario, the non-linearity of

the proposed ramp generator design only contributes

an additional 0.5 LSB to the INL estimation error in-

troduced by the reduced-code linearity test technique.

Fig. 12: Estimated INL obtained by BIST, actual INL

obtained by standard histogram test, and INL estima-

tion error.

Fig. 13: Histogram of the maximum absolute INL esti-

mation error obtained by the BIST by assuming differ-

ent Monte Carlo instances of the ramp generator.

6 Conclusions

In this work, we have presented an efficient ramp gen-

erator for ADC static BIST applications. The proposed

ramp generator is based on a discrete-time SC integra-

tor whose input stage has been modified to produce

a very small integration gain. The main non-idealities

affecting the performance of the ramp generator have

been comprehensively discussed, and design trade-offs

to alleviate these effects have been explored. The com-

plete ramp generator has been designed in a 65nm

technology and its performance has been validated by
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transistor-level electrical simulations. A nominal reso-

lution of 13.3 bits in a 1V range has been demonstrated,

while the resolution varies in the range 11.4-13.7 bits in

the presence of process variations and mismatch.

As a case study application, the proposed ramp gen-

erator has been used to enable the on-chip implemen-

tation of a reduced-code linearity test technique for

pipeline ADCs. The proposed BIST strategy is based

on a discrete-time integrator-based servo-loop that em-

ploys the developed ramp generator to provide the test

stimulus. The proposed test technique has been vali-

dated by realistic behavioral simulations using actual

data from an 11-bit 2.5 bits/stage pipeline ADC IP

provided by STMicroelectronics. Obtained results show

that the combination of the proposed ramp generator

and the reduced-code linearity test technique yields an

accurate estimation of the static linearity characteristic

of the ADCUT across the complete conversion range,

while only measuring the widths of 6% of the total num-

ber of codes.
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