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Abstract—A golden ratio analog to digital (A/D) con-
verter (golden ratio encoder; GRE) was proposed as a spe-
cial case of a S-encoder, which encodes an analog signal
to a digital bit sequence with a real number radix of 8 = ¢
(golden ratio). The B-encoder family was mathematically
proved to be robust against variations in circuit and en-
vironmental parameters, and noise, so that it is suitable
for an integration with the latest mixed-signal ultra-small
semiconductor process. This paper presents a proof-of-
concept IC prototyping of a switched-current GRE A/D
converter circuit using a 180 nm CMOS semiconductor
process. Simulation results for the prototype circuit ex-
tracted from the layout are shown.

1. Introduction

In the advanced ultra-small microfabrication process,
analog-to-digital (A/D) converters are difficult to realize
with high accuracy due to low-supply-voltage, low intrin-
sic gain, variations in component characteristics, and noise
from the environment and a vast number of digital com-
ponents on the same substrate. To alleviate these prob-
lems, for example, an A/D converter circuit architecture
based on a comparator without using an operational am-
plifier has been proposed [1]. However, in general, for
high-performance A/D converter circuits, it is necessary to
secure the accuracy of elements, and to introduce error cor-
rection techniques such as a digital compensation.

For robust implementation of high-performance A/D
converters under such an unfavorable situation for analog
circuits, a S-encoder has been proposed, which converts a
real number to a digital bit sequence by using a real number
radix based on the S-expansion [2]. One of the advantages
of the B-encoder is robustness against variations in circuit
component characteristics, temperature, and noise [2—4].
By exploiting this robustness, it is possible to realize an ac-
curate A/D converter even with poor-characteristic analog
circuit elements available in an advanced nanometer semi-
conductor fabrication process [5].

To further improve the robustness, the golden ratio en-
coder (GRE) was proposed as a special case of the (-
encoder in which the radix value is the golden ratio ¢ =
(1 + V/5)/2 [6]. The GRE inherits all the advantages of
the S-encoder [7]. Moreover, we can always use the fixed

radix value of the golden ratio for GRE; in contrast, the -
encoder is necessary to estimate the effective value of radix
of 8 from the output bit sequence.

We have proposed a circuit implementation technique
for an A/D converter circuit based on the GRE using
switched-capacitor (SC) and switched-current (SI) circuit
techniques [8,9].

In this paper, we present a proof-of-concept IC imple-
mentation of an improved SI GRE A/D converter circuit,
which is suitable for an advanced low-voltage microfabri-
cation process, using 180 nm CMOS semiconductor pro-
cess. We confirm the functionality and robustness of the
prototype circuit with SPICE simulations of the extracted
circuits from IC layout.

2. The Golden Ratio Encoder
The conversion algorithm of GRE [6, 7] is as follows:
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where an integer n is a discrete-time index, u,, is an internal
state, #_; = Xippu € [—1,1] is an analog input, ug = 0 is
the initial internal state value, « is the coeflicient, v is the
threshold value of the quantizer Q%(:,-), and b, € {0, 1} is
the digital output bit. As shown in Fig. 1, 4; and A, are
non-unity coefficients considering non-ideal transfer char-
acteristics of the delay circuits.

On the other hand, the analog value Xi,py from the L-bit
output bit sequence b, can be retrieved as

L
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n=0

Because the GRE is based on the S-encoder, we can de-
rive it from the equations for the S-encoder with 8 = ¢
[6,7]. In the course of derivation, it is shown that the real
number expansion of radix ¢ can be performed without us-
ing any multiplier unit to generate u,, if we use the relation
of ¢ = ¢ + 1 [7]. In addition, calculation of the internal
state value u, can be constructed with unit delay elements
only [6,7].
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Figure 1: Non-ideal transfer characteristic of the delay ele-
ments with non-unity gains of 4; and A,.

It was also shown that variations in the values of v and «
are allowed if the threshold value v and the coefficient a are
within a certain range [7]. This property guarantees further
robustness of GRE.

3. Switched-Current A/D Converter Circuit Based on
GRE

We proposed a circuit configuration for an A/D converter
based on GRE [9] as shown in Fig. 2. As shown in the
figure, the A/D converter consists of two stages as a loop,
and each conversion stage takes the one- and two-previous
internal state values from the other conversion stage. Af-
ter that, each stage outputs a single digital bit 5%, where
k represents the number of the stage, that is, k = 1 or 2.

The consolidated output bit sequence b}, b?, b}, . --’bi/z»

and b , is obtained by alternately interpolating b}, such as
k=1,2,1,2,..., as many times as the bit length L.

Figure 3 shows possible structure of the conversion
stages in Fig. 2. As shown in the figure, each stage is com-
posed of SI delay circuits, a weighted 2-input adder, a cur-
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Figure 2: Block diagram of the GRE A/D converter [9].
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Figure 3: Possible structure of conversion stages in Fig. 2.

rent comparator (CP), and a current multiplexer (MUX).
The current delay circuit operates based on the trans-linear
principle with analog inverters shown in Fig. 4. The in-
put and output of analog inverters Al and A2 in Fig. 3
are short-circuited so that they work as a trans-resistance,
while ordinary analog inverters A3, A4 and A5 are trans-
conductance amplifiers. The comparator is composed of
a trans-linear inverter chain, and serves as the quantizer
Q%(-,-). The current multiplexer is a simple current switch-
ing circuit followed by a trans-linear inverter-pair as a cur-
rent buffer.

3.1. Improved weighted adder circuit

We proposed a voltage-mode weighted adder circuit for
the conversion stage in Ref. [9]. However, a large error was
observed because the proposed circuit was voltage-mode,
and it did not match to the lest of the current-mode trans-
linear circuits. Therefore, we newly propose, in Fig. 5, a
current-mode weighted adder circuit. The ratio of addition
can be determined by that of the numbers of inverters X
and Y, which is denoted as Wy and Wy, respectively, that is,
Lous = WxI+ Wyl,. Figure 5 shows the case where Wx = 2
and Wy = 3 as an example, so that 1,,, = 21, + 3I,. If we
assign Iy = u,_1, and I, = u,_», then from eq. (3), we can
determine the value of a by the ratio of Wy and Wy. From
eq. 3), Wx : Wy =1 : «; therefore, « = Wy/Wy. The
value of  can fluctuate in a certain interval [7], therefore,
mismatches in inverter characteristics are tolerable.

4. Prototype for SI GRE A/D Converter Circuit

Figure 6 shows a SI circuit realization of the A/D con-
verter based on GRE shown in Fig. 2 based on the trans-
linear principle with simple CMOS analog inverters shown
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Figure 4: CMOS analog inverter used as a basic circuit
element, and its symbol.
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Figure 5: The weighted current adder circuit.
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Figure 6: Switched-current A/D converter circuit based on GRE.

in Fig. 4. The triangle symbol with a corresponds to the
weighted adder circuits of Fig. 5. In the IC implementa-
tion, parasitic capacitors are used as the sample-and-hold
capacitors in Fig. 6 to save the area.

The circuit in Fig. 6 is driven by non-overlapping two
phase clock waveforms ¢1 and ¢2. However, at the initial
phase of conversion, the “reset” signal inputs the analog
signal Xi,py; at the same time, it sets all internal states to
zero value.

A proof-of-concept prototype chip was designed for
ROHM 180 nm CMOS semiconductor process. Figure 7
shows the layout of the chip that integrates the SIGRE A/D
converter in Fig. 6 (marked with a red rectangular; the size
is about 210 um x 78 um), and auxiliary circuits to test and
evaluate circuit components.

Design specifications of the SI GRE circuit are as fol-
lows: The nominal supply voltage is 1.3 V, the conversion
rate is 15.8 kSamples/Sec., the analog input current range is
+10 pAp—p, and the bit length L = 13, which is equivalent
to 9 bits for binary expansion.

5. Simulation Results from the Layout

The operation of the proposed circuit was confirmed by
SPICE simulations using the extracted circuit from the lay-
out in Fig. 7. In the following evaluation examples, we
show the spectrum of decoded sinusoidal signal £iypy With
frequency fi, of 976.5625 Hz, the effective number of bits
(ENOB) estimated from the spectrum with sampling fre-
quency f; of 15.8730159 kHz, ENOBs for different tem-
peratures, and ENOBs for supply voltage changes.

5.1. Spectrum and ENOB

Figure 8 shows the power spectrum of the decoded signal
Xinput from the output bit-sequence of the circuit according
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Figure 7: The layout of the proof-of-concept chip for the
SI A/D converter circuit based on GRE.

to eq. (4). From the result, we estimated the signal-to-noise
and distortion ratio (SNDR) as 52.73 dB. Therefore, the
circuit gives 8.467 bit of ENOB, which satisfies the design
specification.

5.2. ENOB:s for different temperatures

We changed temperature from —30 C° to 100 C° in 10 C°
steps, and estimated ENOB for each temperature. The re-
sult is shown in Fig. 9. This result confirms the robustness
of the proposed circuit against large temperature changes.

5.3. Effect of supply voltage changes

Figure 10 shows ENOBs when we change the value of
supply voltage from 1 V to 1.8 V with 0.1 V steps while
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Figure 8: The power spectrum of the decoded signal Xipy.
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Figure 9: ENOBs for different temperatures.
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Figure 10: ENOBs obtained with different supply voltages.

nominal supply voltage is 1.3 V. The result demonstrates
the robustness of the proposed circuit against supply volt-
age changes.

6. Conclusion

We have designed the proof-of-concept IC chip for the
SI A/D converter circuit based on GRE. The operation and
robustness of the proposed circuit were confirmed by cir-
cuit simulations with extracted circuit from the layout. The
chip is under fabrication, so that we will present measured
results from the chip elsewhere.
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