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Abstract

This project is to design and realize
analog front-end integrated circuits for
high-speed  optical fiber communication
systems. In addition to having more than 10

Gb/s data transmission rate, the front-end, with
sufficient dynamic range, will convert the
received optical signals into multi-bit digital
data, so that digital signal processing
techniques can be wused to improve
transmission efficiency. The specifications
for the circuits are at least 6-GHz signal
bandwidth, at least 4-bit resolution, and at least
10-GSamples/s effective sampling rate. This
year, we focused on the design of
analog-to-digital ~ converters and  clock
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generators. All circuits will be realized using
advanced fabrication technologies, e.g., 0.13
um CMOS. Since the parallel architecture
will be applied in the sample-and-hold and
analog-to-digital ~ functions, the required
calibration techniques will also be developed
to correct errors such as gain mismatches,
offset mismatch, and sampling phase mismatch.
In  addition, silicon-on-package  (SoP)
technology will be used for packaging the

fabricated chip, so as to facilitate
high-frequency characterization.
Key Words: Mixed-Signal Integrated

Circuits, Analog Front-End Circuits, Optical
Fiber Transmission, CMOS.
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A. Time-Interleaved ADC
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Fig. 1: Time-interleaved ADC.

A  time-interleaved  analog-to-digital
converter (ADC) employs multiple
analog-to-digital conversion (A/D) channels to
increase the achievable sampling rate for a
given IC technology. Fig. 1 shows a
time-interleaved ADC consisting of M A/D
channels, i.e., ADC; --- ADCy. Each A/D
channel, including a sample-and-hold amplifier
(SHA) and a quantizer (QTZ), is driven by an
fc clock with different phase. The M clock
phases, ¢1 --- ¢ wm, are equally spaced and
constitute an entire clock period. The entire
system achieves an equivalent
f, = f. x M sampling rate and N-bit resolution.

For this project, we wantN >6, f >1GHz,

andM >10, to yield a 6-bit 10-GSamples/s
ADC system.
Although the parallel architecture shown



in Fig. 1 can achieve very high sampling rate,
mismatches among the A/D channels introduce
additional errors in normal A/D conversion.
These mismatches, including sampling phase
mismatch, gain mismatch, and offset mismatch,
must be removed or calibrated in order to attain
high resolution.

B. Background Calibration for Flash ADC
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Fig. 2: Flash A/D architecture.

In this project, each A/D channel employs
the flash A/D architecture shown in Fig. 2. The
N-bit ADC uses 2“-1 comparators to
simultaneously compare input, V;, with 2"-1
references, Vgj, where j=1,2, ---, 2N-1. The
overall digital output D, is obtained by
encoding the binary output from the
comparators. The flash architecture has the
highest A/D conversion speed at a given N for
a given technology.

For high-speed CMOS flash ADCs, it is
the random input-referred offset voltages of the
comparators that determine the ADC's linearity.
The offset of a comparator with symmetric
circuit configuration is caused by device's
mismatches.  There exists a fundamental
trade-off among the speed, power, and
accuracy of a CMOS flash ADC. To
overcome this speed-power-accuracy limitation,
we have developed a new background
calibration technique that can automatically
trim the comparator’s input offset voltage
according to the statistical characteristic of
input signals [1] [2].

Fig. 3 shows the block diagram of the
proposed background-calibrated comparator
(BCC), which is composed of a random
chopping comparator (RCC) and a calibration
processor (CP). The entire CP is realized in
the digital domain. The ACC1 accumulator
records the difference between the number of
D.[k]=1 occurrences for qg[k]=+1 and

g[k]=-1$. The bilateral peak detector (BPD)
monitors the value of R[k] and generates a

corresponding triple-valued output,
S[k]e{+1,-1,0} . The BPD has two
thresholds, +N¢ and —Nc. When

R[k]>+N. or R[k]<-N. , we have
S[k]=+1or S[k]=-1; otherwise, S[k]=0.
In addition, the ACC1 accumulator is reset to
zero whenever S[k]=+lor S[k]=-1. The
S[k] sequence is integrated by the ACC2
accumulator. Its output, T[k], controls the
comparator's input offset voltage, which can be
expressed as: Vg[k]=V[0]+AV xT[K] ,
where Vos[0] is the initial offset and AV is
the offset quantization step of the comparator.
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Fig. 3: A background-calibrated comparator (BCC).

There are two design parameters in this
calibration scheme, i.e., AV and Nc, both of
which affect the converging speed as well as
the variation of offset. Large AV and small
Nc result in fast converging speed but large
fluctuation in Vps. On the other hand, small
AV and large Nc¢ results in small Vs
fluctuation but also slow converging speed.

To further reduce Vos fluctuation in the
flash ADC applications, the windowed BCCs
shown in Fig. 4 can be used. In this
architecture, all comparator outputs D, are

fed into a thermometer-code edge detector
(TCED) to generate an edge code D,. Only

one of the D, output is activated which is
located at the 1-O transition edge of the
comparator D, output. The CP then use
D, as its input instead of D,. In this
arrangement, the P, probability perceived by

the BCC is drastically reduced, thus the Vos
fluctuation is reduced.
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Fig. 4. A flash ADC employing windowed BCC.

Fig. 5 shows the Nc and AV dependence
of the BCC Vs standard deviation in a 6-bit
ADC of Fig. 4. For a 6-bit ADC design, one
can choose AV =1/4LSBand N¢ =16, which

leadtoa (V) of 0.13 LSB.
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Fig. 5: BCC Vs standard deviation in a 6-bit ADC with
various Nc and AV values.

C. Background Timing-Skew Calibration

Referring to Fig. 1, we can assume that
the M clocks from the local clock generator, ¢,
d2, -+, om, are accurate and have
uniformly-spaced phases. The mismatches
among the clock routes from the clock
generator to the SHAs cause timing skews that
must be corrected to avoid A/D resolution
degradation.  We have developed a new
background calibration technique that can
automatically detect and trim timing skews by
observing the inter-channel zero crossings [3].

The upper half of Fig. 6 illustrates the
proposed timing skew detection scheme. Two
choppers, a clock chopper and a data chopper,

are placed at the outputs of clock generator and
at the outputs of the A/D channels. The two
choppers are controlled by a binary-valued
random sequence, (g[k]e{+1-1} . When
g =+1, the choppers’ outputs are the same as
its corresponding inputs. When q=-1, the
choppers’ outputs are exchanged. Thus the

timing skew between x; and X, s

q x (z'j - z‘M). The polarity of the timing skew,

r;-7,,, can be detected by observing the

change of zero-crossing probability between

x; and x,, due to different state of g.

Once the polarity of timing skew is obtained,
the timing delay 7, can be adjusted to

minimize the skew. The calibration processor
employed in Fig. 6 is identical to that in Fig. 3.
It has a bilateral peak detector (BPD) with a
threshold of Nc.  The ACC2 accumulator
digitally  control the 7, delay as

j+l
7;alk] =7, [0]+ g, xT[K]. As in the case of
comparator calibration in Section I11.B, the two
design parameters, Nc and g, determine the

converging speed and timing jitter of the
calibration process.
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Fig. 6: Timing-skew detection and calibration for two
channels.

Fig. 7 shows the timing-skew calibration
scheme  for the  entire M-channel
time-interleaved ADC. The clock generator
produces M clocks with an identical frequency
of f. and equally-spaced phases. The clocks
pass through the clock choppers and the
digitally-controlled delay units to generate CKj,
CKj, ..., CKym which control the sampling
timing of ADC,;, ADC, ..., ADCwm
respectively. The calibration processor (CP)



adjusts the digitally-controlled delay units to
minimize the timing skews among the A/D
channels. The timing skews are caused by
mismatches among the clock routes from the
outputs of clock choppers to the
sample-to-hold amplifiers in the A/D channels.
The CP is pure digital and operates at a clock
rate of f.. It consists of only comparators,
adders and registers, and requires no multi-bit
multiplier.
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Fig. 7: Full-system timing-skew calibration.

As an example, we want to design a 6-bit
16-channel ADC, i.e., M = 16. The sampling
interval between the adjacent channels is Ts.
Fig. 8 shows the ADC output’s signal-to-noise
ratio due to timing jitter, SNR_, for various
values of Nc and g,. The input is assumed
to be an asynchronous sine wave. To achieve
6-bit resolution, we choose N.=29 and

w, =T,/28, which leadto SNR_ ~37dB.

SNR_(dB)

6
log,(N.)

Fig. 8: The SNR_ versus Ncand 2, for a 6-bit
16-channel ADC.
D. A 6-Bit 16-GS/s Time-Interleaved ADC

We have designed a 6-bit 16-GS/s
time-interleaved (TI) ADC in a 0.13 um

CMOS technology. The ADC consists of 8
A/D channels. Each A/D channel is a 6-bit
2-GS/s flash ADC using the architecture of Fig.
4 and the background calibrated-comparators
(BCC) of Fig. 3. Operating from a single 1.2
V supply, the power consumption of each A/D
channel is expected to be less than 90 mW.
This low power consumption is made possible
by the BCC’s digital background calibration.

The architecture of the TI ADC is similar
to the one shown in Fig. 7, which includes
timing-skew calibration for multi-channel input
sampling. The calibration scheme is
simplified from the technique described in
subsection C. Fig. 9 shows the layout of this
TI ADC. Chips area is 2.01x2.83 mmZ.
Operating from a single 1.2 V supply, the
ADC’s total power consumption of is expected
to be less than 800 mW.

Fig. 9: Time-interleaved ADC layout.
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