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SUMMARY

Successive approximation register (SAR) analog-to-digital converters (ADCs) are widely used due to their
low power consumption and area cost. However, testing SAR ADCs on an embedded chip is costly. This
paper proposes a capacitance-ratio quantification design for the linearity test of differential top-plate sam-
pling SAR ADC:s. First, the pattern generator controls the switches connected to the bottom plate of capac-
itors to create a voltage difference proportional to a certain capacitance ratio on the top plates to be
quantified. Then, the proposed mechanism quantifies the capacitance ratio via the auxiliary transistors con-
nected to the input pair of the comparator in the SAR ADC. The capacitance ratios are recorded to construct
the differential nonlinearity (DNL) and integral nonlinearity (INL) using the derived construction principles,
which simplifies the implementation of the output response analyzer. Thus, the test time and area cost can be
reduced with these two proposed mechanisms. For characterizing the DNL, the error between the results ob-
tained using the proposed method and those obtained using conventional linear ramp histogram method is
from —0.10 to 0.11 least significant bits (LSBs). For the INL, the estimation error is from —0.19 to 0.11
LSBs. Moreover, a test time reduction of about 76% is achieved at the expense of an 18.54% area overhead
for the capacitance-ratio quantification mechanism. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

With advances in CMOS technology, successive approximation register (SAR) analog-to-digital
converters (ADCs) have received attention due to their excellent power efficiency and low-voltage
potential [1] compared to those of pipeline and cyclic ADCs. Thus, SAR ADCs are widely adopted in
many applications, such as biomedical monitoring and power management [2—5]. In these applications,
SAR ADC:s are often integrated with other components, such as pre-amplifiers, multiplexers, filtering
circuits, and digital circuits for post signal processing, in a system-on-chip (SoC) environment.
Researchers have attempted to further reduce the power consumption of SAR ADCs to increase the
energy efficiency of SoCs. Various architectures and switching techniques have been proposed to
reduce the power consumption of SAR ADCs [6-8]. Differential top-plate sampling SAR ADCs have
faster conversion rates with lower area overhead and power consumption, achieved by halving the
capacitance [7], compared to those of conventional bottom-plate sampling SAR ADCs [6].

SAR ADCs are widely used in SoC environment, and the nonlinearity distorts the differential
nonlinearity (DNL), integral nonlinearity (INL), and even the effective number of bits (ENOB) [9].
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For example, SAR ADCs are used inside the 3-D imager, and the linearity of the SAR ADCs
dominates the performance of the imager [10]. The linearity of the SAR ADCs should be verified in
the pre- and post-bond stages [10]. However, verifying the linearity of SAR ADCs in SoC
environment is difficult due to the limited accessibility, observability, and pin count. In practical
ADC testing task with automatic test equipment (ATE), the test time for static linearity test is even
as large as 88% of the whole test time [11]. Moreover, in typical SoCs, analog circuits make up a
small portion but require a lot test costs and test time [11]. Thus, reducing linearity test time can
reduce testing cost effectively. Analog design-for-testability (DfT) circuits and built-in self-test
(BIST) designs are likely adopted to reduce SoC testing costs.

Several works have shown techniques for alleviating these problems. The loopback architecture
consisting of an ADC and a digital-to-analog converter (DAC) has been used to verify the linearity
of the ADC by scaling and offsetting the DAC output [12]. This technique is not viable for some
applications due to the lack of a current-steering DAC. Selective code measurement reduces the test
time by measuring only some selective codes. This method requires a programmable piece-wise
linear ramp stimulus, which is provided by the off-chip automatic test equipment (ATE) [13, 14].
Nevertheless, the implementation of the on-chip piecewise linear ramp is costly. A SAR DfT circuit
reduces internal steps from 10 to 4 for halving the test time [11]. This DfT circuit still requires the
linear ramp stimulus. Another technique measures the major carrier transitions (MCTs) of the
capacitor-based DAC to estimate the linearity of SAR ADCs to reduce test time [15]. This method
is only suitable for single-ended SAR ADCs since the additional design-for-testability DAC (d-DAC)
is connected to the negative input terminal of the comparator as a small-swing stimulus. This
technique was further improved [16] for applications to differential bottom-plate sampling SAR
ADCs by connecting the d-DAC to the dummy capacitor of the capacitor array in the SAR ADC.
However, the capacitance of the dummy capacitor in the SAR ADC must be enlarged to cover all
MCT ranges, which may complicate the layout of the capacitor array.

The present study proposes an on-chip linearity test for differential top-plate sampling SAR ADCs
that uses two mechanisms. In the first mechanism, the capacitor-ratio quantification circuit quantifies
the capacitance ratios. Then, the DNL and INL are estimated by the quantified capacitance ratios.
According to a previous study [17], the linearity of SAR ADCs is dominated by the capacitor
mismatch error in the capacitor array. Thus, a self-calibrating dynamic comparator [18] is
augmented to quantify the capacitance ratios in the capacitor-based DAC in SAR ADCs. Then, the
quantified capacitance ratios are extended to construct the DNL and INL based on the derived
mapping rule, which is different from those in conventional differential bottom-plate sampling SAR
ADCs. These two simple mechanisms greatly reduce the required test time compared to that of the
conventional linear ramp histogram method [19].

The rest of this paper is organized as follows. Section 2 introduces the concepts of the proposed
linearity testing method. The considerations of the hardware implementation of the proposed method
are discussed in Section 3. Simulation results that verify the viability of the proposed testing method
are shown in Section 4. Finally, conclusions are made in Section 5.

2. OVERVIEW OF PROPOSED TESTING METHOD

The concepts of the two proposed mechanisms are detailed in this section, including the relation
between the capacitance ratios and the DNL and the modification of a self-calibrating dynamic
comparator for quantifying the capacitance ratios in SAR ADCs. Then, the proposed architecture is
detailed. The construction of the DNL based on the capacitance ratios is also introduced.

2.1. Relation between capacitance ratios and DNL

The relation between capacitance ratios and the DNL varies with SAR ADC structures. Three basic
SAR ADC structures are shown in Figure 1. Various structures have been developed based on these
three architectures [2—8].

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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Figure 1. (a) Conventional single-ended SAR ADC, (b) differential bottom-plate sampling SAR ADC,
(c) differential top-plate sampling SAR ADC.

The conventional K-bit single-ended bottom-plate sampling SAR ADC [20], which includes a
binary-weighted capacitor array, a comparator, and a SAR logic circuit, is shown in Figure 1(a). The
thick (thin) line of the capacitor represents the bottom (top) plate. Every analog-to-digital conversion
contains three steps: sample, hold, and bit cycling. In the sample step, all the bottom plates of the
capacitors are connected to input voltage V;,, and all the top plates are connected to GND through
the switch SW. Thus, the input voltage is sampled in the capacitor array. Next, in the hold step, the
switch SW is open, and all the bottom plates are connected to GND. The voltage on the top plates is
Vx=—V;,. In the bit cycling step, the voltage Vx_; changes to the reference voltage Vyzr, and:

Ck_ 1
Vi = Vi + =L Vper = —Viu + = Vier (D
Ctotal 2

where Cy=25Cp=2%C,. The capacitance ratio related to Cx_ is defined as (Cx_1 / Cyprt) Vrer- If Vx
is negative, Vg _ is left connected to Vzgr and the first output bit bx_; is logical 1. Otherwise, Vi is
connected to GND and bg_ is logical 0. This operation repeats K times until the end of one conversion.

From the above conversion method, the transition voltages of the single-ended bottom-plate
sampling SAR ADC can be expressed as:

K-1
. . . 2 bliC;
v . ~ bx1[i]Ck 1 + bg [i|Cx 2+ -+ + boli]Co _j=0
THSB(’)|,':0_“.,2K,1 = C Vrer = e Verer  (2)
' total total

where the digital output code i=2%""hx_[i]+25 2bgx_o[i]+ ... +2°b[i] and bg_i[i] ... boli] are
binary bits. This equation implies that a certain output code maps to a unique capacitance ratio in a
single-ended SAR ADC.

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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The differential bottom-plate sampling SAR ADC is shown in Figure 1(b) [7]. Every conversion still
needs three steps: sample, hold, and bit cycling. The operation is similar to that of the single-ended
bottom-plate sampling SAR ADC, but in the bit cycling step, the capacitor switching is complement
on the positive and negative capacitor arrays. If voltage Vpg  changes from voltage Vggp to ground
GND, voltage Vyg.1 changes from ground GND to voltage Vg If voltage Vpg.; changes from
ground GND to voltage Vyigp, voltage Vg changes from voltage Vizgr to ground GND. Every
capacitor pair (Cpg.1-Cnk-1, Cpx2-Cnk-2,> ---» Cpo-Cno, and Cpp-Cyp) operates in the same manner.
Hence, the transition voltage of the differential bottom-plate sampling SAR ADC is:

o [ bxa[(]Cpx—1 + -+ bo[i]Cpo  brx_1[{]Cnk—1 + -+ + boli] Cyo
Viups(i) = - VREF

Crrps Cnrps
K—1 K—1___
Tolicy T hliCy ®)
= =0 v
= - REF
CprpB CnrpB

where Cprpp=Cprx_1+...+Cpo+Cpp and Cnrpp=Cng_1+ ...+ Cno+ Cnp. The variable i is the
digital output in decimal format and b;[i] is the jth bit of the digital output code in binary format,
where j=0, ..., K— 1 from the least significant bit (LSB) to the most significant bit (MSB).

The architecture of the differential top-plate sampling SAR ADC is depicted in Figure 1(c) [7]. One
distinctive difference between differential top-plate and bottom-plate sampling SAR ADCs is the total
capacitance. This difference is due to the different switching mechanisms in these two architectures. In
bottom-plate sampling SAR ADCs, one conversion requires three steps, namely sample, hold, and bit
cycling, as mentioned above, but that for top-plate sampling SAR ADCs requires only two steps,
namely sample and bit cycling. The MSB is obtained from the first comparison result without switching
on the bottom plates. If the minimum unit capacitance is C,;,, 1.6. Cpy=Cno=Cpp=Cnp=C,,in, then
the total capacitance in the K-bit differential bottom-plate sampling SAR ADC Czorary in Figure 1(b) is:

Chor(roaty = Cprps + Cntpp = Cpx—1 + --Cpo + Cpp + Cyk—1 + =-*Cno + Chp

4
=225+ 20429 Cpp = 25F ' Cpp @

In contrast, the total capacitance in the top-plate sampling SAR ADC C,,1o1a1) in Figure 1(c) is:

Ciop(roraly = Crror + Cnror = Cpg—2 + -+-Cpo + Cpp + Cnk—2 + -+ Cyno + Cnp s
=2(252 4+ 204+ 2% Cpp =25Cpp ©)
where Cprpr=Cpx_2+...+Cpo+Cpp and Cnrpr=Cnx 2+ ...+ Cno+ Cyp. For K-bit binary-
weighted SAR ADCs, the total capacitance in top-plate sampling SAR ADCs is one half that of
bottom-plate sampling SAR ADCs, as evidenced by comparing (4) and (5). Hence, the conversion
rate, switching power, and area overhead of the capacitors are greatly reduced. These properties are
favorable for implementing SAR ADCs in a SoC environment. Some previous designs for testability
in bottom-plate sampling SAR ADCs [15] should be modified for this capacitor arrangement. The
proposed test method implements the linearity test in two steps: (1) quantifying the capacitance ratios
and (2) extending the capacitance ratios to estimate the DNL. Thus, the DNL/INL can be verified in a
short test time with simple hardware, low area overhead, and small conversion rate degradation.

Due to the halved capacitor array, the transition voltages of the top-plate sampling SAR ADCs are
not as regular as the transition voltages in (3). The transition voltages of the K-bit top-plate sampling
SAR ADC in Figure 1(c) are shown in Figure 2. The left column shows the analog input range of
Vyx — Vy from — Vpgp to Vigr. The middle column shows the digital output of this SAR ADC from
0 to 25 — 1 in binary format. The right column shows the transition voltages Vyps(i), i=0, ..., 28— 1,

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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Figure 2. Relation between capacitance ratio and transition voltage.

between consecutive two digital codes. Using a previously developed algorithm [7], the MSB is
observed by comparing two sampled voltages, namely Vyx and Vy. If Vx> Vy, the MSB is logical 1.
Otherwise, the MSB is logical 0. Thus, Vx— Vy=0 is the transition voltage for code 2K=1 1. If
Vx> Vy, the second bit is observed by comparing Vy and Vy — (Cpx_> / Cprpr)Vrer. Hence, the
transition voltage Vyppr(2V ™1 +2V"2 — 1) is (Cpx_2 / Cprpr)Veer. With a similar operation, Vyzpr
(@Y%~ 1) is (Cnk—> ! Cnrop)Vger. Other transition voltages are observed in the same manner. The
transition voltages can be defined as:

. - - Cpxy —=Cnk_
Viupr (i) = bx 1 [()@bx 1[i + 1] (bKl i C}’; ’;D; + br1[i] CZ’T(DTZ) Vrer

(6)

S —— C — C
+~--+b1[i]eabl[i+1]<bl[i} N NO)VREF
Cerpr Cnrpr

The exclusive-NOR (XNOR) operation is used to determine whether a certain capacitance ratio is
related to the transition voltage in every term. For the first term, if the value of the XNOR operation
bx_1[i|®bk—1[i + 1] is 1, the capacitance ratio (Cpx_»/Cprpr) and (Cyx_»/Cnrpy) are involved in the
calculation of the transition voltage Vyypy(i). If the value is 0, the two capacitance ratios are excluded
from the calculation. Similarly, if the binary bit bx_4[i] is 1, the capacitance ratio (Cpx_o/Cprpy) is
related to Vygpr(i) and (Cygx_o/Cprpr) is not. If the binary bit bx_([i] is 0, the capacitance ratio
(Cnk—2/Cprpy) 1s related to Vygpr(i) and (Cpx_»/Cprpr) is not. The same rules are applied to the
remaining terms.

The DNL is linearly related to the transition voltage difference W(i) of two consecutive transition
voltages, which is expressed as:

W(i) = Vrupr (i) — Vupr(i — 1)

——= —=(Cprk—2 Cnk-3 Cno )
:b _ l'b _ lb 1 — — e — V
ktli}-br—ali]--bold (CPTDT Cnrpr Cxror)
— . (Cnk—2 Cpgx—3 CPO)
+bg_1|i|-bx_>i]---boli — e Viepr + -
ktlil-brali 0H<CNTDT Cpror Cror) " (7)

b [i] Bofi] (%) Vier + b1 [i]boli] (CCNO ) Vier

. . e . - —/C
+bx_1[i]-br[i]--boi] (CPI;lD)T> Vrer + bx—1[i]-bx_2[i]---boli] ( CNZZT) Vrer

Thus, the average transition voltage difference W,, differential nonlinearity DNL(i), and integral
nonlinearity INL(7) are, respectively, expressed as:

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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1 K—1
Wa= 7K > W), ®)
=0

W(i) = Wa _ W(i)

DNL(i) =
Wy Wy

-1, (€))

INL(i) = zijDNL(j). (10)
=0

2.2. Capacitance-ratio quantification

The low-noise self-calibrating dynamic comparator [18] cancels offset. The offset cancellation
mechanism is reviewed briefly below. The low-noise self-calibrating dynamic comparator is augmented
to provide the capacitance-ratio quantification mechanism as shown in Figure 3(a). The voltage
difference proportional to a certain capacitance ratio is quantified by this augmented mechanism.

The proposed architecture contains a comparator, offset compensation current sources, namely M¢
and M, and a charge pump circuit. The offset of the comparator is modeled as voltage source Ve,
Voltage difference Vy is proportional to a certain capacitance ratio in the capacitor array in the SAR
ADC. The offset reduction mechanism is similar to a previously reported offset calibration process
[18]. During the offset reduction and capacitance-ratio quantification periods, the signal Cal is
logical 1. The input switches are disconnected from the input signals (V;p, V;y) and connected to
common-mode voltage V. In the detailed circuit shown in Figure 3(a), the input pair (M1 and
M?2) receives input differential signals (V;pp and Vyp). Transistors M3, M4, and M5 are switches

CLKcup
Vor
Ve

VB - Vo/fset
VB - Voffset - VN

Figure 3. (a) Augmented self-calibrating dynamic comparator for offset reduction and capacitance-ratio
quantification, and (b) waveform of offset reduction and capacitance-ratio quantification.
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controlled by clock CLKcysp. The remaining transistors (M8—M15) are combined to be a latch pair to
enhance the output signals (Vpp and Vyy). Transistors M and M, are connected to the output nodes
of the input pair (M1 and M2) in the comparator to inject the compensation current and are assumed to
be ideal and identical to the input pair. The gate of transistor M is connected to Vj to set the common-
mode voltage of the charge pump circuit. Node V- connected to load capacitor Cy is initially set to Vp
at time ¢, in Figure 3(b), and then the charge pump circuit charges or discharges Cy according to the
output of the comparator (Vpp and Vo). If Vg, 18 0, S3 is disconnected, and Vipp=Vjyp=Vp, then
Ve is equal to V¢, due to the negative feedback loop (comparator, charge pump, and Mc,) and Vpp
toggles between logical 1 and O alternatively. If V., is positive and switch S is open, the steady
state of the negative loop is disturbed, and V is adjusted automatically to reach another steady state.
In the convergence process, the output Vyp is logical 1, and V. approaches Vg — Vi, with an
average discharge rate of AV=IcpXTcyp | Cy, Where Icp and Tcyp are the charging/discharging
current and the period of comparator clock CLK cyp, respectively. When Ve equals (Vg — Vp,) at
time f,, the offset is cancelled, and Vyp changes between logical 1 and O alternatively. After the
offset reduction process, the capacitance-ratio quantification starts, and switch S3 is closed at time 3.
If voltage difference Vyy is positive, the charge pumps toggle again until V¢ is below Vg — Vg, — Vi
at time #,. With the above operation and by recording the comparator clock count at two time
intervals, namely #,—t, and t;—t4, offset voltage Vg, and Vy can be quantified to be 4 and 5,
respectively. These two values are the counts of [V,g./AV] and [VA/AV], respectively, where the
brackets represent the quantified results. By applying this method to differential SAR ADCs, all of
the capacitance ratios can be quantified.

2.3. Built-in self-test architecture

The BIST design supports two operation modes, namely normal and test modes. In normal mode,
the SAR ADC, including the comparator, capacitor arrays, and a SAR logic circuit, is activated as
shown in Figure 4(a). In test mode, the SAR ADC, quantification unit (QU), pattern generator (PG), and
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Figure 4. (a) SAR ADC in the normal mode, and (b) the proposed design for testability combined with
pattern generator and output response analyzer for a built-in self-test design.
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output response analyzer (ORA) are enabled and all the inputs are connected to common-mode
voltage V¢, through SWey and SW periodically, as shown in Figure 4(b). The detailed operation
is described in Section 2.4.

Switches SWp, SWy, SWey, and SW, are bootstrapped switches [21] for sampling input signals. The
linearity of bootstrapped switches is often higher than the resolution of the SAR ADC to suppress the
sampling nonlinearity. Similar to the split-capacitor array [22], every capacitor except Cpp, Cpp, Cno,
and Cyyp is split into two equal sub-capacitors to perform splitting switching. Capacitors Cpk_2), and
Cnk-2yp are effectively the MSB capacitor Cpgx_, in the K-bit top-plate sampling SAR ADC in
Figure 1(c). The other split capacitors are effectively the corresponding capacitors in Figure 1(c).
With this switching method, the input nodes of the comparator, namely Vy and Vy, are always near
the common-mode voltage during the bit cycling step to reduce the dynamic offset of the comparator
[23]. The QU contains the self-calibrating comparator, quantification detector (QD), and counter
(CUN). The QD, comparator, and SAR logic circuit are discussed in Section IV.

2.4. DNL estimation from capacitance ratios

According to the ideal analog-to-digital transfer curve [24], the transition voltage difference between
successive code transitions should be equal to one LSB, ideally. If the transition voltage is smaller
(larger) than one LSB voltage, the code width is linearly less (more) than the average code width.
The transition voltages of top-plate sampling SAR ADCs are defined in (7). The transition voltage
difference W(i) in (7) also represents the code width in units of voltage. Most of the transition voltage
difference W(i) is the combination of several capacitance ratios. For example, in a 3-bit SAR ADC,
W(4)=Wycp1=(Cpy | Cprpr— Cno | Cnror)VrEF, Where Wycpy denotes the transition voltage
difference composed by the merged capacitance ratios with leading capacitor Cp; (the largest
capacitor among the merged capacitors). In the proposed method, every merged capacitance ratio
with a certain leading capacitor is unique. The timing diagram in test mode and the switching
mechanism for Wy,cp; in a K-bit SAR ADC BIST design are shown in Figure 5. In Figure 5(c), the
conversion rate of the SAR ADC is R times as fast as clock CLKg, which triggers the PG. The

c Vier . VREFC VHEFC Vier Voer  Vaer GND Veer
P(K'Z)EI e ZPta] Cpo T CppT Crk2aT .- CptaT CmT CppT
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Vou GNDG  ND SWCJ GND Vi %
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Figure 5. (a) Capacitor setup for sample and hold steps in test mode, (b) capacitor setup for evaluating
merged capacitance ratio in measurement phase of test mode, and (c) waveform and timing diagram of
the proposed BIST design in test mode.
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comparator is controlled by clock signal CLKC, which is often K-times faster than the conversion rate of
the SAR ADC. The value of R is designed to give sufficient time to charge/discharge load capacitor Cy
in the QU. Initially, in time intervals T, Ty, and Tp,, the top plates of the capacitors are all connected
to common-mode voltage V¢, and all the bottom plates are connected as shown in Figure 5(a). In time
interval Ty, the comparator offset is calibrated. In time interval Ty, the top plates are disconnected
from V. The bottom plate of Cyyg is switched from Vi to GND and voltage Vy drops from Vi, to
Vem — (Cvo/Cnrpr) Vrer. Then, the QU is activated automatically to quantify the difference Wy as 2.
In time interval Tps, the capacitors are reset to sample Vi, as shown in Figure 5(a). In time interval
T3, the top plates are disconnected from Vi, again and the capacitor setup is that shown in Figure 5
(b). The bottom plates of Cyy, and Cpg are switched from Vggr to GND, and the bottom plate of Cpyy,
is switched from GND to Vzgr. Thus, Vy changes from Vg, to Vey — (Cyy / Cnrpr+ Cpo ! Cprpr)
Vrer and Vy—Vy=(Cn1 ! Cyrpr— Cpo | Cprpr)Veer is quantified by the QU. Through, other
switching mechanism achieves the same voltage difference Vy — Vy, e.g. a switching mechanism
letting Vx=(Cn1 / Cnrpr)Vrer and Vx=(Cpy / Cprpr)Vrer. The above setup keeps voltages Vy and
Vy near common-mode voltage Vi, to reduce the input common-mode noise. After the merged
capacitance ratios are all quantified, the ORA starts to generate the quantified merged capacitance
ratio W[i] value of every output digital code i according to (7). Meanwhile, the average of WI[i],
Wave, 1s also calculated and the DNLJi] can be evaluated in sequence. In the proposed BIST design,
the ORA outputs W[i] and W,y instead of DNL[i] for reducing the hardware cost of the floating-
point divider in (11). The INL of every digital code INL[i] can be expressed as (12). The ORA
outputs the value I[i]=INL[i — 1]W yg+ W[i] — Wyyg=1[i — 1]+ W[i] — W,y instead of INL[i]. By
this method, the hardware is simplified, and some basic checks can be realized, such as the minimum/
maximum examination of the DNL/INL. If accurate DNL[i] and INL[i] are required, the on-chip
digital signal processor (DSP) or some other arithmetic unit can calculate (W[i] — W4y6)/Way and 1
[[]/W v for every DNL[i] and INL[i], respectively.

DNL]i] = AU (11)
AVG
INLE] = $DNL|j = ——— YW}~ Wav)

j=0 AVG j=0

(Ili = 1] + W[i] = Wayg),i > 0 (12)
) Wave
Wl = Wavs ,_
Wave

3. IMPLEMENTATION OF BUILDING BLOCKS

The DT circuit for a 10-bit top-plate sampling SAR ADC is primarily composed of the SAR ADC and
QU. The DAT circuit, PG, and ORA complete the BIST design. Considerations of these circuit blocks
are detailed in this section.

3.1. SAR ADC

The SAR ADC is composed of three main building components, namely the comparator, the capacitor
arrays, and the SAR logic circuit. The comparator is introduced in Section 3.2. The capacitor array is
implemented using the split-capacitor architecture mentioned in Section 2.3. For the area
consideration, minimum unit capacitor C,,;, is implemented using a metal-oxide—metal (MOM)
capacitor [7] instead of a metal-insulator-metal (MIM) capacitor. The SAR logic circuit is similar to
the digital control circuit proposed in a previous study [7].
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3.2. Quantification unit

The comparator and quantification detector are depicted in Figure 6. The self-calibrating comparator [18]
is augmented as shown in Figure 6(a). The comparator contains a double latch comparator (M1-15),
compensation transistors (M¢c; and M), and a charge pump circuit. The double latch remains
unchanged, and the input pair of the comparator is modified to be p-type transistors to avoid the body
effect. The voltage difference between the source and the body of each input transistor (M1 and M2) is
set to be zero by employing a separated N-well layer in the p-substrate CMOS technology. The charge
pump is extended to provide two charging paths and two discharging paths. The Valid signal is
generated to trigger the quantification detector shown in Figure 6(b) and the SAR logic circuit. The
quantification detector contains two quantification detector cells (QDCs). One QDC generates the
CUN_EN signal to define the enable duration of the counter shown in Figure 4(b). The other QDC
generates the RST_EN signal for resetting the counter.

The detailed voltage waveform on V¢ is shown in Figure 6(c). Comparator clock CLKC activates and
resets the comparator alternatively. The Valid signal toggles with a constant phase delay to CLKC.
Before time ¢, voltage V. varies slightly. Fine current sources Iy and Irp are designed for
compensating the perturbation caused by switching the coarse current sources on and off. In addition,
the ratio of fine charging current /5, to fine discharging current I is almost 1. At time 7,, the
voltage difference (Vy — Vy) increases due to the change of the test pattern, the signal CUN_EN
enables the counter, and the QU compensates for the difference by decreasing voltage V- with the
coarse charging current /-p until the quantification detector pulls down signal CUN_EN at time f,.
The counter records the count of CLKC during the positive period of signal CUN_EN. Thus, the
voltage difference of Vx— Vy is quantified as 4 in this example. The coarse currents are disabled
between times 1, to #,, and the amplitude of voltage V¢ is small. The rising edge of signal CLKy at

Von Vor
A[Cmia 8% mis T h
Mio| [M11
M2 Hi | d HMmi3

B[S
Mg, M,

Ve~ VN
\-\-\-\/x
CLKg
ereiiiinhnniinnhnipnh
ezl
CUN_EN
RST_EN
ty L b 1y

(©)

Figure 6. (a) Augmented self-calibrating comparator, (b) quantification detector, and (c) detailed waveform
on internal node V.

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
DOLI: 10.1002/cta



CAPACITANCE-RATIO QUANTIFICATION DESIGN FOR LINEARITY TEST

time 7, resets the QU. Then, voltage V¢ goes back to the common-mode voltage via coarse charging
current I until the falling edge of RST_EN at time t,..

3.3. Pattern generator

The PG for the merged capacitance ratio Wy,cp; was introduced in Section 2.4. The control signal for
every merged capacitance ratio is implemented by a counter and read-only memory due to the
complexity of split-capacitor switching. The PG is implemented with 1510 transistors.

3.4. Output response analyzer

The ORA provides two functions: (1) construction of the hit counts for the DNL/INL and (2)
generation of pass/fail for the pre-defined DNL/INL boundaries. By extending the quantified merged
capacitance ratios according the reconstruction rule in (11), the quantified merged capacitance ratio
WIi], which is also the hit count, for every digital code i can be constructed. For a 10-bit SAR
ADC, the DNL construction can be implemented by 19 multiplexors (MUXs). The relation in (7) is
rewritten in the quantified form as:

. . Cnk—2 Cno ) . <CPK2 Cpo )
Wi = Sg_1 i - Vier + S [l (2252 o - v
U K l[](CNTDT Cyror) X5 K 111 Crrpr Cror)
/cC e e ./ C
4+ 48 [l] r Vrer + 5 [l] NO Vrer + S, [l] o Vrer + So [l} ND VREF
Cpror Cnrpr Cprpr Cnrpr

13)

where S;[i] is the product of the binary bits in each term in (7), and S 'j[i] is the one’s complement of S,
where j=0, ..., K— 1. The control signals for MUXs (Soli], ..., Sx_1[i]) are as defined in (13). The
inputs of the MUXs are 20 quantified merged capacitance ratios, Wycpo --- Warcro, Wyeno ---
Wiicno, as mentioned in Section 2.4. Thus, the hit counts W[i], i=0, ..., 1023, are constructed after
1024 clock cycles.

The average hit count W,y is also calculated in the construction process by the shift function in the
16-bit accumulator. The accumulator comprises by 16 D-flip flops (DFFs), 6 full adders (FAs), and 10
half adders (HAs). The constructed hit count W[i] is connected to the lowest 6 bits of the accumulator,
and the average hit count is ready at the highest 6 output bits at the end of the construction sequence.

When W,y is ready, hit count [[i] for the INL is constructed using the relation I[i]=1[i — I]+ W
[i]] — Way derived from (12). The bit count of the FA and DFF arrays is increased to 8 bits for the
peak-to-peak hit count of the INL. The ORA is implemented with 11934 transistors.

The PG and ORA may be integrated with other digital parts in the SoC environment to reduce the
area cost further.

4. SIMULATION RESULTS AND DISCUSSIONS

To verify the feasibility of the proposed capacitance-ratio quantification mechanism, the mechanism
was embedded in a 1-V 10-bit 10-MHz top-plate sampling SAR ADC as a DfT circuit.

The algorithm for DNL construction was realized at the transistor level and incorporated into the
ORA circuit. The PG and ORA circuits were designed at the transistor level to complete the BIST
design in the SoC environment. The area overhead, dynamic performance, and static performance
were evaluated.

4.1. Area overhead

The DfT circuit for the 10-bit 1-V 10-MS/s differential top-plate sampling SAR ADC was implemented
in the 0.18-um CMOS technology for the post-layout simulation as shown in Figure 7. The area of every
component is listed in Table I. The area of the SAR ADC was estimated by summing the area of
two main blocks, namely the analog block (85x 161 um?) and the digital block (251 x 328 pum?).

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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Figure 7. Layout of proposed DfT circuit, PG, and ORA in the proposed BIST design.

Table I. Summary of occupied area.

Component Area (umz)
Bootstrapped switch 60x38x2
DAC 241x101x2
Switch 126 x20x2
Comparator 85x58
Comparator with QU 100 x 328

SAR logic circuit (1366 transistors) 25155

SAR ADC circuit 85x 161 +251x328 (100%)
SAR ADC DfT circuit 347 %328 (118.54%)
PG (1510 transistors) 251 x55x%x2%
ORA (11934 transistors) 251 x55%9*
SAR ADC BIST design 849 %330 (295.85%)

“Estimated by comparing the transistor count with that of SAR logic circuit.

The analog block contained two bootstrapped switches and a comparator. The digital block included the
SAR logic circuit and capacitor arrays. In the DfT circuit, the comparator was combined with the QU.
The area of the DfT circuit was 347 x 328 pmz, which is 118.54% the area of the SAR ADC. The
PG and ORA were implemented at the transistor level. The areas of the PG (1510 transistors) and ORA
(11934 transistors) were estimated by comparing the transistor count with that of the SAR logic circuit
(1366 transistors). The area of the SAR logic circuit was used as the area unit (251 x 55 pm?) for the PG
and ORA. The PG is two area units, and the ORA is 9 area units. The area of the BIST design was
estimated by combining the areas of the DfT circuit, PG, and ORA as (347 +251 +251)x(55%6)
pm?*=280 170 um?, as shown in Figure 7. The simulations were performed by the HSpice simulator.

4.2. Dynamic performance

The ENOB of the SAR ADC is 9.84 bits at the Nyquist rate. The figure-of-merit (FOM) is 20.46
fJ/conv.-step according to the following equation [7]:

Power

FOM =
2ENOB 5 min(2x ERBW,f,)

(14)

where f; is the conversion rate, and ERBW is the effective resolution bandwidth.

The proposed quantification method has a small impact on the SAR ADC under test. The conversion
rate reaches 10 MHz. The area of the proposed DfT circuit is 132.33% that of the SAR ADC in a
previous study [25]. That SAR ADC [25] has a capacitor array arrangement similar to that used in
this work. The increase of the FOM is mainly due to the modification in the comparator. The other
specifications are listed in Table II.
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Table II. Specifications of this work.

Technology (nm) 180
Resolution (bit) 10
Supply (V) 1
Conversion rate (MHz) 10
ENOB (bit) 9.84
Area (mm?) 0.1138
DNL (LSB) 0.10/—0.07
INL (LSB) 0.10/—0.07
FOM (fJ/conversion-step) 20.46

4.3. Static performance for on-chip verification

To verify the feasibility of the proposed BIST design, two testing configurations were used, namely
woMisCap and MisCap. In the woMisCap configuration, all the capacitors in the DACs were
designed to be binary-weighted for the normal SAR ADCs. To examine the proposed capacitance-
ratio quantification method further, an additional capacitor was added to create capacitor mismatch
error in the MisCap configuration. The capacitance of the second MSB capacitors (Cp7, and Cy7,)
was increased by minimum capacitance C,,;,, i.e. Cp7,=Cn7.=(64+1)C,,;,, as shown in Figure 8.
Besides the mismatch capacitor configuration, supply voltage V,;, of the mismatch capacitors could
be adjusted independently. V,,;; was set to 0.5V for the moderate capacitor mismatch environment
and to 1V for the missing code and wide code environment. Thus, three test setups were compared,
namely woMisCap, MisCap at V,;,,=0.5V, and MisCap at V,;;=1V. The linear ramp histogram
method [19] and the capacitance-ratio quantification method were compared. The designed hit counts
per code in the two methods were both 16 for consistency.

The simulation results for the woMisCap setup are shown in Figure 9. The peak DNL and INL values
obtained using the linear ramp histogram method are 0.09/—0.08 LSB and 0.07/—0.10 LSB, respectively,
by observing Figure 9(a) and Figure 9(b). The peak DNL and INL values using the capacitance-ratio
quantification method are 0.07/—0.06 LSB and 0.09/—0.28 LSB, respectively, by observing Figure 9
(c) and Figure 9(d). The rounded peak DNL error and INL error of the two methods are 0.11/—0.10
LSB and 0.11/—0.19 LSB, respectively, by observing Figure 9(e) and Figure 9(f).

The results for the MisCap setup at Vj;,,=0.5 V and V,;;;=1V are shown in Figure 10. The peak DNL
and INL values obtained using the linear ramp histogram method at Vj;;,=0.5V are 0.54/—0.54 LSB and
0.73/—0.75 LSB, respectively, by observing Figure 10(a) and Figure 10(b). Compared to the woMisCap
setup, the mismatched capacitor at V,;;,=0.5V enlarges the peak-to-peak DNL swing by roughly +0.5
LSB. The peak DNL and INL values using the linear ramp histogram method at Vj;;=1V are
1.05/—1 LSB and 1.48/—1.44 LSB, respectively. The peak-to-peak DNL swing is further enlarged
by roughly 2 LSB compared to that of the woMisCap setup. This setup was designed for
verifying the proposed test method at the boundaries.

The peak DNL and INL values obtained using the capacitance-ratio quantification method at
Vais=0.5V are 0.53/—0.59 LSB and 0.82/—0.82 LSB, respectively, by observing Figure 10(c) and

VHEF/ GND VHEF/ GND VMiS/ GN D VREF
CPSa % CP7a e J'fi J e
Cpgb J-f CP7b T

GND/Vger GND/Vgee

GND/VHEF GNDiVREF
Chev T Cnv T ren
Cwa®  Cwa®______ %! .--Crwg

VFIEF/ GND VREF/ GND VMis/ GND VREF

Figure 8. Mismatched capacitor array setup.
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Figure 9. Results for woMisCap configuration. (a) DNL and (b) INL obtained by ramp stimulus. (¢) DNL (d)
INL obtained by capacitance-ratio quantification. (e) DNL and (f) INL errors between the two test methods.

Figure 10(d). The peak DNL and INL values obtained using the capacitance-ratio quantification
method at V=1V are 0.95/—1 LSB and 1.49/—1.43 LSB, respectively.

The rounded peak DNL error and INL error at Vj;;,=0.5 V between the two methods are 0.20/—0.15
LSB and 0.25/—0.20 LSB, respectively, by observing Figure 10(e) and Figure 10(f). The rounded peak
DNL and INL errors at Vu;;=1V are 0.18/—0.16 LSB and 0.21/—0.17 LSB, respectively, by
observing Figure 10(g) and Figure 10(h).

4.4. Static performance with capacitor mismatch at process corners

Process variation may cause capacitor mismatch and transistor variation. The capacitor was
implemented by the MOM capacitor [7]. Thus, an accurate statistical model for the capacitor is not
available. However, the capacitor mismatch is the dominant factor for the static linearity of SAR
ADCs. Because of the random mismatch error, the static linearity of SAR ADCs is often limited to
be around 10 bits [17]. Thus, each capacitor in the capacitor array was modeled as a Gaussian
random variable with a standard deviation (o). The value of the standard deviation was estimated as

206 = C,pin, where C,in 1S the minimum unit capacitor in the 10-bit SAR ADC. The effect of the
transistor mismatch was considered by introducing the transistor models at the process corners.
Thus, in the post-layout simulation, 20 samples of SAR ADCs with randomly generated capacitance
values were simulated for process corners, namely TT, FF, SS, SF, FS at 100 °C, and FF at —40 °C.
The results for the linear ramp histogram method [19] and the proposed capacitance-ratio
quantification method were compared. The DNL or INL error is the difference of the results
between these two methods. The mean values of the DNL errors at 6 corners in the above sequence
are 0.0409, —0.0174, 0.0014, —0.0312, 0.0483, and 0.0280 LSB, respectively. The standard
deviations of the DNL errors are 0.2359, 0.2314, 0.2259, 0.2232, 0.2285, and 0.2311 LSB,
respectively. The mean values of the INL errors are —0.0426, 0.0726, 0.1309, 0.1472, 0.0834, and
0.0553 LSB, respectively. The standard deviations of the INL errors are 0.2745, 0.2937, 0.2812,
0.2276, 0.2920, and 0.2872 LSB, respectively. The worst DNL error and INL error are found at the
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Figure 10. Results for MisCap configuration at Vj;,=0.5V and V,,;,=1V. (a) DNL and (b) INL obtained by

ramp stimulus. (c) DNL and (d) INL obtained by capacitance-ratio quantification. (¢) DNL and (f) INL er-

rors between the two test methods at V,;;,=0.5V. (g) DNL and (h) INL errors between the two test methods
at VM,jS =1V.

SF corner. The DNL error and INL error of every test samples at the SF corner are shown in Figure 11.
The maximum DNL and INL errors are —0.5938 LSB and 0.5583 LSB, respectively. The DNL errors
of the ninth and nineteenth samples in Figure 11 are larger than others due to the wide codes which is
about 1.5 LSB.

The peak-to-peak DNL or INL errors of 20 samples at all corners were also averaged. The average
peak-to-peak DNL and INL errors at different corners are similar. The results reveal that the transistor
mismatch has minor impact on the DNL and INL errors. The average peak-to-peak DNL and INL
errors at corners are from 0.32 to 0.38 LSB and from 0.41 to 0.52 LSB, respectively.

4.5. Comparator offset

The comparator offset may limit the measurement accuracy in some on-chip testing methods. In the
proposed BIST design, the self-calibrating dynamic comparator is applied to quantify the
capacitance ratios. The comparator offset is reduced at the beginning of the self-test sequence as
shown in Figure 5(c). Thus, the impact of the comparator offset is reduced in the proposed
BIST design.

4.6. Testable range
The testable range is limited by the test pattern and the QU. When the capacitor mismatch is small and

the voltage difference Vy — Vy in Figure 4(b) is between 0 and 1 LSB, Vy— Vy can be quantified
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Figure 11. Maximum DNL and INL errors between linear ramp histogram method and proposed capacitance-
ratio quantification method at SF corner.

properly and the peak DNL is limited by +1 LSB. If the voltage difference Vx — Vy is zero, the peak
DNL is =1 LSB. If the voltage difference Vy — Vy is less than 0, the quantified value is always zero
and great test error occurs. Thus, the testable range for the DNL is +1 LSB. One special setup
should be mentioned here. If the MSB capacitor is greater than the sum of the remaining capacitors
in the positive or negative capacitor array by 1 or more LSB, the quantification mechanism still
works and the wide code can be observed around code 25! or 257! — 1 because the voltage
difference Vy — Vy is always greater than zero is this setup.

4.7. Test time estimation

A comparison of the test times of the conventional linear ramp histogram method, the selective code
measurement, two designs for testability [11,16], and the proposed capacitance-ratio quantification
for the DNL and INL is given in Table III. Here it is assumed that the digital signal processing time
is ignored in these methods. For the linear ramp histogram method, every digital output code
requires H,yg hits, and every hit consumes clock period T¢; k. For the selective code measurement,
it is assumed that the maximum INL error should be less than 3 LSBs [11]. Each of the K selective
codes needs a 7-LSB ramp stimulus to ensure that the code under test is covered by the ramp, and
each code needs H,yg hits. The DT circuit [11] reduces the amount of the bit cycling step from 10
to 4. Thus, the reduced test time is about 60% of the original test time in the linear ramp histogram
method. The above three methods all need (K + 2)-bit stimulus for a K-bit SAR ADC. The test time
of the MCT-based bit-weight extraction technique [16] is K(S +3)T .k, where S is the resolution of
the d-DAC. The value of S is 5 for a 10-bit SAR ADC [16].

For the proposed method, 2 K merged capacitance ratios need to be quantified, each taking R clock
periods. Additional R clock periods are preserved for the offset reduction. The test time of the

Table III. Comparison of the test time and stimulus.

Test time for 10-bit SAR  Stimulus for 10-bit SAR

Method Test time ADC ADC
Linear ramp histogram [19] Huyox25x Tepx 20x 1024 x Terx 12-bit full-swing linear ramp
Selective code measurement [14] HyygX7XKXTerg 20x7x10%x Tep g 12-bit piecewise linear ramp
The DFT circuit for reducing 0.4 x Hyye x 25T x 8% 1024 x Tepx 12-bit linear ramp
linearity testing time [11]
MCT-based bit-weight extraction K(S+3)Tcrx 10x 8 X Tk Embedded 5-bit d-DAC
technique [16]
Proposed method QK+ 1)RT¢rx 21x 16X Terx Embedded capacitor switching
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2014)
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proposed method is (2 K+ 1) x R x T¢y x seconds. Table III also lists the test time of three test methods
for a 10-bit 10-MHz differential top-plate sampling SAR ADC, with R set to be 16. The test time of the
proposed method is reduced by 76% in comparison with the selective code measurement and longer
than that of the MCT-based bit-weight extraction technique. The core area overheads are not listed in
the two previous designs for testability. The test errors are not compared due to different verification
environments and simulators.

According to the test sequence in Figure 5(c), the comparator offset reduction and 2 K merged
capacitance-ratio quantification requires (2K+1)XxRxT¢crx seconds. In the DNL and INL
construction steps, each step takes 2% clock periods. Thus, the test time including construction time
is (2K+1) R+25"YT ¢, x seconds.

5. CONCLUSION

A capacitance-ratio quantification design for the linearity test was proposed and implemented for a
differential top-plate sampling SAR ADC. An offset self-calibrating dynamic comparator [18] is
augmented to provide the capacitance-ratio quantification function. The derived DNL construction
equation is simple and can be implemented on-chip with simple digital components. The proposed
quantification and construction method enhances the feasibility of combining a DfT circuit with the
PG and ORA for the BIST design in a SoC environment. This testing method requires less test time
compared with those for the conventional linear ramp histogram method and the selective code
measurement method.
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