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Abstract A new architecture for successive-approxima-
tion register analog-to-digital converters (SAR ADC) using
generalized non-binary search algorithm is proposed to
reduce the complexity and power consumption of the digital
circuitry. The proposed architecture is based on the split
capacitive-array DAC with a simple switching logic as
compared to the conventional non-binary SAR ADC archi-
tecture. A 10-bit 50-MS/s SAR ADC is designed based on the
proposed architecture in a 0.18 pm CMOS technology.
Simulation results show that at a supply voltage of 1.2 V, the
SAR ADC achieves a peak signal-to-noise-and-distortion
ratio of 59.5 dB, and a power consumption of 1.3 mW,
resulting in a figure of merit of 33 fJ/conversion-step.

Keywords Digital-to-analog converter - Redundant
successive approximation ADC - Redundant search
algorithm - Split capacitive-array DAC - High speed SAR
ADC

1 Introduction

In recent years, successive-approximation register (SAR)
analog-to-digital converters (ADCs) have shown promising
for implementing medium resolutions of 8-10 bits and
high sampling rates of tens of MS/s with excellent power
efficiency [1-5]. In SAR ADCs, when sampling rate
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increases, the settling time budget becomes insufficient for
the capacitive DAC to stabilize. Instead of a conventional
binary search, a non-binary search can be used to enable
tolerating incomplete DAC settling errors. In non-binary
search, there are overlaps between search ranges, com-
pensating for wrong decisions made in earlier stages as
long as they are within the error tolerance range. This
approach eliminates the constraint of DAC settling accu-
racy to be less than 1 LSB, and thus helps to reduce the
settling time. Although, non-binary search adds additional
clock cycles to the conversion phase, the clock frequency
can be increased to shorten the total conversion time [5]. A
previous approach [6] to implement non-binary search in
the SAR ADCs, was based on the geometrically non-binary
scaled capacitor array DAC (see Fig. 2(a)). In that struc-
ture, the non-integer ratio of the capacitors significantly
increases layout complexity. Moreover, its search algo-
rithm is radix-restricted.

In [7], a generalized non-binary search algorithm has
been presented which avoids radix restriction. However, its
implementation is based on the SAR ADC with unary
capacitor-array DAC, (as shown in Fig. 2(b)), which suf-
fers from increased complexity, propagation delay and
power consumption due to the overhead in required logic
circuits [5, 7].

In this paper, a new redundant SAR ADC architecture
based on an split capacitive-array DAC with relaxed
matching and layout requirements is presented to imple-
ment the generalized non-binary search algorithm intro-
duced in [7]. The proposed structure uses a simple
switching logic circuit which leads to reduction in power
consumption and propagation delay in comparison with the
unary implementation making the ADC suitable for
energy-efficient high-speed applications. A 10-bit 50 MS/s
SAR ADC is designed in a 0.18 pm CMOS process based
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on the proposed structure. The simulation results at supply
voltage of 1.2 V show that the designed SAR ADC con-
sumes power as low as 1.3 mW.

2 Redundant search algorithm

In a redundant search algorithm which realizes an N-bit
resolution SAR ADC in M comparison steps (M > N); the
output digital bits are successively determined by com-
paring the sampled input voltage with M code-dependent
voltages produced by the DAC. Assuming that the analog
input voltage range is normalized to [0, 2"], in the kth
comparison step, the kth bit, b(k) is found by comparing the
input voltage with ref(k) given in [7], as follows:
k
ref(k —2Nl—|—2sz—l (1)
i=2
where s(i) is equal to 1 if b(i) = “1” or —1 if b(i)) = “0”,
and j(i) is a positive integer value determining the voltage
jump of the DAC at ith step. It can be shown that these
jumps must satisfy the following [7]:

D=1+ ()=

0<e(i)=1

M

> k) 1<isM -1

k=i+2

—ji+1)+

(2)

where e(i) determines the maximum acceptable decision
error at the ith comparison step [e(i = M) = 0], which still
can be compensated due to the redundancy. At the end of
the search, an M-bit redundant code is obtained. The output
binary code can be calculated from:

Bout = ;b(i) x wii) (3)

where w(i) is the weight of the ith bit [i.e. b(i)] and we have
derived that w(i) can be obtained from:

. 2j(i+1) 1<i<M-1
w(i) = . : (4)
1 i=M
Fig. 1 shows an example of error compensation

procedure for a redundant search algorithm with N = 4
and M = 5. In Fig. 1(a), for the specified input (denoted by
Vin), all comparisons have been done correctly. But in
Fig. 1(b) there is a wrong decision in the first comparison
step; however this error does not exceed the first
compensated range. Using (3) and (4); therefore, the
search algorithm with redundancy is able to find the correct
code of the input for both conditions.

@ Springer

It should be also noted that the redundant search algo-
rithm is not restricted to any certain radix. Each solution of
J, J=[j(1), j(2), ..., j(M)] satisfying (2), can be used to
realize an N-bit M-step redundant SAR ADC. One can
select the optimal scheme among them.

3 Proposed architecture

To implement an N-bit, M-step redundant SAR ADC, it is
required to generate the reference voltages given by (1)
during the comparison steps. The conventional approach
based on the unary capacitive-array DAC (see Fig. 2(b))
uses a digital ROM to store the jump values [i.e. j(1), j(2),
..., j(M)] and, the control logic in each comparison step
i works as follows. First, j(7) is read from the ROM. Based
on the result of last comparison step, if b(i — 1) = 1 then

Jj(@) is added to ref(i — 1) by an adder and, if b(i — 1) = 0,

then j(i) is subtracted from ref(i — 1) by a subtractor,
resulting in ref(i) which is needed for the ith comparison.
Finally, ref(i) will be applied to the unary-weighted
capacitive DAC through a binary-to-thermometer decoder
to be compared with the input sampled voltage in analog
domain. It should be noted that, this entire procedure must
be performed in a fraction of T¢k/2 and the rest of it
remains for the DAC to settle around ref(i) within
[ref(i) — e(i), ref(i) + e(i)]. The propagation delay through
this control logic may be so high that it can completely
destroy the advantage of using non-binary search method at
high speed operation. Furthermore, its large power con-
sumption due to the complex digital circuit (e.g. ROM,
adder, subtractor) reduces the energy-efficiency of the
converter.

Hence, in this paper a new N-bit M-step redundant
architecture based on the split capacitive-array DAC is
proposed to reduce the complexity, propagation delay and
power consumption of the digital circuitry compared to the
conventional unary structure. The proposed architecture,
shown in Fig. 2(c) is composed of a subtractor and an
adder capacitor sub-arrays. These two sub-arrays have
identical capacitors, and the capacitor values for each
sub-array is given by C; = C;; = j(k) x C, (where
2 < k < M). In fact, in this structure, the values of j(i)s are
stored in the capacitor values, i.e. it uses analog ROM
instead of a digital ROM. In addition, the split architecture
of the capacitive-array makes it possible to implement
adder/subtracter by the DAC itself in the analog domain.
When M = N, Eq. (2) presents j(i) = 2V~ and thus the
redundant search algorithm is translated to the conven-
tional binary search. Therefore, the proposed DAC will
turn into a binary split array. The switching scheme of the
proposed M-step architecture is similar to the binary split
array presented in [8]. In the sampling phase, the input
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voltage (i.e. V;,) is sampled into all capacitors. During the
first step of the conversion phase, the capacitors of the
subtractor sub-array (Cy, ..., Cy . C;,) are connected to
V.er and the other capacitors are connected to the ground.
Therefore, on account of (2), the input analog sampled
voltage is compared with ref(1) = 0.5V, ;= PR
According to the result, b(1) will be found and stored in the
SAR. In the next steps, in order to determine each b(k), the

)(bm) ... b(M)

sampled input voltage must be compared to ref(k), given by
(1). Hence, in the kth step, if b(k — 1) = 1, the kth
capacitor of the adder sub-array (i.e. Cy = j(k) x C,) is
connected to V,,, and therefore the input sample is com-
pared to ref(k) = ref(k — 1) + j(k). On the other side, if
b(k—1) = 0 the kth capacitor of the subtractor sub-array
(i.e. Cyx = j(k) x C,) which is already connected to V,,sis
connected back to the ground and thus the comparison

@ Springer



586

Analog Integr Circ Sig Process (2012) 71:583-589

Fig. 3 Switching sequence for
a 3-step proposed structure
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Clock cycle #1

reference is obtained as ref(k) = refi(k — 1) — j(k). This
procedure will be repeated until all M bits are found
after M comparison steps. Figure 3 shows the switching
sequence of the capacitive array in a 3-step proposed DAC.
The logic circuit for the proposed M-step non-binary split
architecture is the same as M-bit binary split architecture. It
is easy to implement and has lower power consumption and
propagation delay than those of conventional non-binary
ADC enabling high-speed and energy-efficient operation. It
should be noted that the total capacitance of the proposed
DAC is 2" x C,, identical to the N-bit conventional bin-
ary-weighted counterpart.

4 Simulation results

Using proposed architecture, a 1.2 V 10-bit 11-step, 50
MS/s single-ended redundant SAR ADC was designed and
simulated at different process corners of a 0.18 um CMOS
technology. In this implementation, the logic speed is the
bottleneck in achieving high-speed operation of the con-
vertor. Hence, the control logic circuit is implemented in
full custom dynamic style, which provides faster and also
lower power consumption convertor. As mentioned in Sect.
2, there are many choices for vector J in a 10-bit 11-step
generalized non-binary search algorithm. Our selection is
based on the target of optimal speed. With this consider-
ation, the vector J is obtained as J = (512, 142, 172, 79,
57, 30, 16, 8, 4, 2, 1) resulting in the error compensated
ranges vector E = (228, 26, 40, 5, 2, 0, 0, 0, 0, 0, 0). The
value of unit capacitor of the DAC (i.e. C,) is set to 20 fF
based on the matching requirements. The conventional
dynamic comparator circuit, introduced in [9], was
employed in this ADC.

@ Springer
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Figure 4 shows the simulated output voltage of the DAC
through the conversion phase for the proposed and con-
ventional binary structures at a same high sampling rate.
As seen, in the first comparison step, both structures have
made wrong decisions for the specified input due to the fact
that at this sampling rate neither has sufficient time in the
first half of the clock period to settle to ref(l) = 0.6 V.
However, the proposed non-binary structure has been able
to compensate for this wrong decision in the next steps
because this error has not exceeded the first compensated
range [i.e. e(1)]. But the binary structure has failed to track
the input and, lost converter precision due to lack of
redundancy.

The total power dissipation of the proposed SAR ADC
is 1.3 mW with a 1.2 V supply voltage. The power con-
sumption of the designed control logic is 0.2 mW. The
proposed redundant DAC uses metal-insulated-metal
(MIM) capacitors and consumes a switching power of
0.69 mW while, the comparator takes the rest of the power.
It should be noted that the proposed redundant capacitive-
array provides 37% lower switching energy consumption
over conventional binary-weighted case. Also it introduces
better linearity performance in terms of differential non-
linearity (DNL) characteristics [10].

To measure the dynamic performance of the ADC, a
sine-wave input signal was applied to the convertor. Sim-
ulation results show that the ADC achieves a peak SNDR
of 59.5 dB corresponding to an effective number of bits
(ENOB) of 9.6 bits. The proper operation of the designed
ADC in other corner process has been also verified.

Table 1 gives a performance summery of the ADC
comparing it with other high speed 10-bit designs. By
defining the figure-of-merit (FOM) as FOM = Power/
2ENOB o f., where f, is the sampling frequency, then the
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Fig. 4 Simulated operations of

(a)

the convertors in a high Tek
sampling rate a conventional R
binary structure b proposed 1r A
redundant structure Tek Vv
§ 08k / DAC
° Error = 205LSB l
)
s 0.6 |
3
0.4 S S I
i AN [
02F 1" Comparison
. Vin =360 mV
point
0 L 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Time (ns)
(b)
08 r
Vbac
__ 06} /
2
g)o >(1)=228 LSB
S 04t Error <1LSB l
>l NS U N P Se _
> \ T
st .
oz | 1 Com.parlson V,, =360 mV
point
O 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Time (ns)
Table 1 Performance summary , ) , R R
of the proposed SA-ADC in JSSC’10 [1]  JSSC’11 [2] JSSC’10 [3] ISSCC’10 [4] This work
comparison with other high Technology 0.13 nm 0.13 um 90 nm 65 nm 0.18 um
speed 10-bit SA-ADCs
Supply (V) 1.2 1.2 1.2 1.2 1.2
Sampling rate (MS/s) 50 40 100 100 50
ENOB (bits) 9.18 8.11 9.1 9.51 9.6
Power consumption (mW)  0.826 0.55 3 1.13 1.3
FOM (fJ/c-s) 29 50 55 15.5 33
Simulation/measurement Measurement Measurement Measurement Measurement  Simulation

design shows an FOM comparable to the state-of-the-art
providing the measurement results. As the high-speed
digital circuit benefits from technology scaling; the FOM
of the proposed structure is also expected to further
improve with continued technology scaling.

5 Conclusion

A new high speed non-binary SAR ADC structure has been
presented to implement the generalized non-binary search
algorithm. The proposed structure benefits from the sim-
plicity of the digital and control logic circuits compared to
the conventional non-binary architecture. A 1.2 V, 10-bit

50 MS/s SAR ADC was designed in a 0.18 ym CMOS
process to verify the efficiency of the proposed structure.
Simulation results confirm that its ENOB is 9.6 bits while
consuming only 1.3 mW, and achieving an FOM as low as
33 fJ/conversion-step.
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