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Abstract

Ž .This paper presents very high-speed Analog-to-Digital Converter ADC systems for measuring instrument applications,
and also related theoretical results. First we describe the design, testing and performance of f1 GSrs 6-bit and 7-bit ADCs

Ž . Ž .using SiGe heterojunction bipolar transistor SiGe HBT , and a 3 GSrs 6-bit ADC and TrackrHold TrH circuit using
Ž .GaAs heterojunction bipolar transistor GaAs HBT . We show that SiGe HBTs and GaAs HBTs have technological

potential, and that the foldingrinterpolation architecture is suitable for high-speed ADC systems. Next, we derive three
theoretical results aimed at very high-speed, wideband ADC systems.

ØA foldingrinterpolation architecture is suitable for very high-speed ADCs implemented with HBTs, and digital error
correction is required to improve their AC performance. We show an error correction algorithm, as well as its effectiveness
and limitation for high-frequency inputs.

ØAperture jitter is crucial in wideband ADC systems, and we have derived very general results about aperture jitter
effects of such systems.

ØA time-interleave ADC system can realize very high-speed ADC system, but timing skews in the system degrade its
overall accuracy. We have derived the error power corresponding to timing skews.

Finally, we discuss several issues relating to standardizing the specifications of very high-speed ADCs targeted at
measuring instrument applications. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electronic devices are continuously getting faster,
and accordingly there is a growing need for instru-
ments to measure their performance. Digital measur-
ing instruments — which convert analog input sig-
nals to be measured to digital signals, and digital
signal processors perform some signal processing on
them — are becoming popular; hence, ADCs are
essential components, and higher performance ones
are being demanded. This paper describes high-speed
ADC systems implemented with SiGe HBTs and
GaAs HBTs for measuring instrument applications,
and some theoretical results.

ADCs for measuring instruments are somewhat
different from those for consumer electronics, for
example. For consumer electronics, low cost and low
power consumption design ADCs are very important
and monolithic complementary metal-oxide-semi-

Ž .conductor CMOS ADC-integrated circuits are
mandatory. On the other hand, for measuring instru-

Žment applications, high performance high speed
.andror high precision design is important, and also

hybrid implementation with rather special technolo-
gies such as GaAs metal-semiconductor field-effect

Ž .transistor GaAs MESFET , HBT and Si bipolar
Ž .junction transistor Si BJT is often used to achieve

high performance. This is because measuring instru-
ments have to be designed with currently available
devices to measure next-generation devices; in other
words, the devices to be measured may have higher
performance than the devices used in the measuring
instrument, and thus the designer has to use rather
special approaches — which often sacrifice cost and
power consumption — to achieve high performance.

In Section 2, several technologies to implement
high-speed ADC systems are compared, and in Sec-
tion 3, our SiGe HBT and GaAs HBT processes are
described. In Sections 4 and 5, high-speed ADCs
implemented with SiGe HBTs are presented, while
in Section 6, a high-speed ADC with GaAs HBT is

Table 1
SiGe HBT characteristics

2Emitter size 1.1=10 mm
f 20 GHz h 20T FE

f 20 GHz BV )8 VMA X CEO

Fig. 1. Cross-section of SiGe HBT.

described. In Section 7, an error-correction algorithm
for ADCs is shown, and in Section 8, roles and
implementation of a TrH circuit for ADC systems
are described. In Section 9, aperture jitter effects in
high-speed ADC system are theoretically derived,
and in Section 10 timing skew effects in time-inter-
leaved ADC systems are shown. Based on this,
several issues related to standardizing specifications
of high-speed ADC for measuring instrumentation
applications are discussed in Section 11.

2. Technology comparison for high-speed ADC
system

There are several technology candidates for im-
Ž .plementing very high-speed )GSrs ADC sys-

tems; CMOS is the most dominant semiconductor
technology, but the speed of CMOS ADCs is cur-
rently limited to f500 MSrs even for 6-bit resolu-

w xtion See, e.g., Refs. 32,37 . GaAs MESFET has very
high f , i.e., high-speed, but the poor device match-T

ing and relatively small g are disadvantages for ourm

purposes. Si BJT has high f , good device matchingT

and large g , so are suitable for a high-speed ADCm

and there are many examples of successful high-speed

Table 2
Ž .GaAs HBT characteristics SPICE parameters

2Emitter size 2=10 mm I 10 mAMA X

T 2.12 ps C 60 fFF JC

C 83 fF R 68.5 VJE B

R 9.05 V R 20.0 VE C
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Table 3
SBD characteristics in GaAs HBT process

2Junction size 2.1=20 mm
Series L 30 pH Stray C 50 fF
C 30 fF R 5.5 Vjo S

M 0.35 N 1.11

w xSi BJT ADCs 25,34,36 . However, the speed limit
of Si BJT has been addressed and attention is being
paid to HBT technology for making even faster

w xdevices and circuits 7,8,12 . Recently, very high-
speed ADCs with GaAs HBT were introduced
w x22,24 . Advantages of GaAs HBT are high fT
Ž .higher than Si BJT , large g , and good devicem

matching, while disadvantages are low yield, large
Ž .V f1.4 V , thermal problems and high cost. Onbe

the other hand, SiGe HBT has potentially higher fT
Ž .than Si BJT but lower than GaAs HBT and the

Žother characteristics are similar to Si BJT i.e., rela-
. w xtively easy to use, unlike GaAs HBT 7,8,31,38 .

Based on the above considerations, we have used
SiGe HBT and GaAs HBT to investigate their poten-
tial for high-speed ADC systems.

3. SiGe HBT and GaAs HBT processes

In our SiGe HBT process, npn transistors, thin-
film resistors and metal insulator–metal capacitors
are available. Our SiGe HBT process uses abrupt-

Žjunction-base structure and SIMOX separation by
.implanted oxygen substrate, and f of the SiGet

HBT is 20 GHZ. Table 1 describes their character-
istics and Fig. 1 shows the cross-section of our SiGe
HBT.

In our AlGaAsrGaAs HBT process used for the
ADC system presented here, npn transistors and

Ž .Schottky barrier diodes SBDs , thin-film resistors
and metal insulator–metal capacitors are available.
In our GaAs HBT, h is 20, f s40 GHz andFE t

f s40 GHz with emitter current density of 5.0=max

104 Arcm2. In our SBD, R s4.0 V and C s30on vo

fF. Tables 2 and 3 describe their characteristics and
Fig. 2 shows the cross-section of our GaAs HBT.

4. A 6-bit foldingrrrrr interpolation ADC with SiGe
HBT

This section describes a 768 MSrs 6-bit ADC
w ximplemented with SiGe HBT 16,17 .

4.1. SiGe HBT modeling

We have used, as our SiGe HBT model, a bipolar
transistor with Gummel–Poon model and a diode
between its base and collector to represent the break-
down voltage of the HBT. We found that the calcu-
lated device parameter values, based on doping con-
centration and device geometry, and the extracted
parameter values matched well, and the circuit simu-
lation and measurement results matched fairly well
in all aspects of DC, AC and transient behaviors.

Fig. 2. Cross-section of GaAs HBT.
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Fig. 4. Measured nonlinearities of the 6-bit ADC with SiGe HBT.
Ž . Ž .a Differential nonlinearity. b Integral nonlinearity.

4.2. ADC architecture

w xThe 6-bit ADC implemented with SiGe HBT 16
w xemploys foldingrinterpolation architecture 23,28,34

Žto reduce hardware and power about 1r3 of the
.flash ADC while maintaining high-speed operation.

A differential resistor string is used in the ADC input
Ž .stage Fig. 3a to cancel the reference DC bowing

w x Ž .effects 4,28 . The folding circuits a cycle pointer
Ž .perform analog encoding and generate G5 MSB

Žand G4 of Gray code and OrU overflowrunder-
. Ž . w xflow bit Fig. 4b 15 . Four sinusoidal wave genera-
Ž . Žtors Fig. 3c and a resistor interpolation circuit Fig.

.3d produce 16 sinusoidal waves with different phases
with respect to the input voltage. Following the
interpolation circuit, XOR-tree type digital encoder

Žcircuits generate the lower 4 bits G3, G2, G1, G0

Fig. 5. Measured AC characteristics of the 6-bit ADC with SiGe
Ž . Ž .HBT. a Input frequency vs. effective bits at 256 MSrs. b Input

frequency vs. effective bits at 768 MSrs.

Ž ..LSB of Gray code from M , . . . M in Fig. 3d. In0 f

other words, two higher bits are generated by analog
encoding while the remaining four lower bits are
generated by digital encoding.

All of the internal signals are differential, and all
of the internal analog and digital circuits are basi-
cally composed of differential pairs and emitter fol-
lowers, while the digital outputs are single-ended
Ž .open-collector .

4.3. Measured results

Fig. 4 shows the differential and integral nonlin-
earities measured for DC inputs with 1.6V pro-pp

duced by programmable voltage generators and we
see that they are within "1r2 LSB. A sinusoidal
input was applied to the ADC, and its number of

Ž . Ž . Ž .Fig. 3. 6-bit ADC circuits with SiGe HBTs. a Differential resistor string. b Folding circuits which generates G5, G4 and OrU. c
Ž .Sinusoidal wave generators. Four-phase sinusoidal waves S0, S1, S2 and S3 with respect to the input voltage are generated. d Resistive

interpolation circuit and the following comparators.
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Fig. 6. AC measurement setup for the 6-bit ADC with SiGe HBT.

effective bits was calculated using 2 K-point FFT.
Fig. 5a and b show the number of effective bits with
respect to the input frequency at the sampling rates
of 256 and 768 MHz, respectively. We see that the
number of effective bits is more than 5.0 bits upto
the input frequency of 128 MHz in both cases. At
896 MSrs, the number of effective bits drops to 4.4
bits even at an input frequency of 60 MHz. All
measurements were performed by on-wafer probing,
and Fig. 6 shows the AC measurement setup. Table
4 summarizes the ADC performance, and Fig. 7

Ž 2 .shows the ADC chip photo 4.7=4.0 mm .
The main part limiting the AC performance of the

ADC is the analog circuit; Fig. 8 shows the mea-

Table 4
Measured performance of the 6-bit ADC with SiGe HBT

Resolution 6 bits
Sampling frequency 768 MSrs
Effective bits 5.2 bits at 100 MHz

Ž .Analog input differential 1.6 Vp-p

Linearity -"1r2 LSB
Ž .Power with output buffers 3.5 W

Power supplies 0.5, y4.5, y5.0 V
HBT count 1740
Resistor count 731
Capacitor count 49

2Chip size 4.7=4.0 mm

Fig. 7. Chip photo of the 6-bit ADC with SiGe HBT.

sured reconstructed ADC output for a high frequency
sinusoidal input, and we notice some glitches. These
are due to timing skew among folding circuits and
sine wave generators. SPICE simulation showed that

w xwhen digital error correction 15,18,23 is incorpo-
Žrated, the timing skew problem is alleviated this will

.be described later and the number of effective bits is

Fig. 8. Measured reconstructed ADC output waveform for a
sinusoidal input of 312.4 MHz with 768 MSrs. We notice some
glitches, which degrade the effective bits of the ADC at a
high-frequency input.
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more than 5.0 bits upto the input frequency of 400
MHz.

5. A 7-bit foldingrrrrr interpolation ADC with SiGe
HBT

Recently, foldingrinterpolation ADCs with cas-
w xcaded analog encoding circuits 3,4,9,35 have been

proposedrimplemented for higher bit resolution.
Based on this idea, we have designed a 7-bit fold-
ingrinterpolation ADC with SiGe HBT; to obtain an
extra 1-bit with minimum hardware, analog encoding

Ž .circuits Gilbert cells or analog multipliers, Fig. 9
w xare added after the resistive interpolation circuit 4 .

We have fabricated this ADC with our SiGe HBT
process, and Fig. 10 shows the ADC chip photo. Its
chip area is 4.9=4.0 mm2, which is just a little bit
larger than that of the 6-bit ADC.

Our SPICE simulation showed that its number of
effective bits is more than 6.5 bits upto 100 MHz
input signal at 1 GSrs, however the measured re-
sults were 6.1 bits at 512 MSrs and 5.8 bits at 1

ŽGSrs even for low frequency sinusoidal inputs Ta-
.ble 5, Fig. 11 . We have found that this is due to the

Ž .large offset voltage ss6.5 mV of the input differ-
ential pairs; since our SiGe HBT process was not
mature, its V variation was relatively large. It isbe

expected that device mismatches will become smaller
when the SiGe HBT process becomes more stable;
this problem can be alleviated by circuit design
approaches such as using an averaging resistor net-

Ž .Fig. 9. Gilbert cell added after the resistive interpolation Fig. 3d
to obtain an extra bit.

w xwork among the input differential pairs 3,14 . We
have also found by SPICE simulation that the dis-
tributed resistances and capacitances on the intercon-
nection lines have to be taken care of, to improve the
AC performance.

We are convinced through fabrication and testing
of these designs that a 1 GSrs 7-bit ADC is feasible
using our SiGe HBT process with reasonable chip
area, though this has not been proven by an actual
chip yet.

6. A 6-bit foldingrrrrr interpolation ADC with GaAs
HBT

This section describes a 6-bit 3 GSrs ADC im-
w xplemented with GaAs HBTs 19 .

6.1. Design philosophy

GaAs HBT can be considered as a power-limited
deÕice; its f increases monotonically within a rea-T

sonable range of I and thus its bias current is set asc

large as possible to obtain high performance. How-
ever, GaAs substrate thermal conductivity is one-third
that of Si, and GaAs HBT electrical characteristics
change with temperature, which limit the maximum
reasonable power dissipation of a GaAs HBT chip.
Also currently the large-scale integration of GaAs
HBTs is difficult and monolithic integration of a
6-bit flash ADC is impractical. Hence, the reduction
of power and circuit maintaining high-speed is a key
point of the ADC architecture and circuit design.

6.2. ADC architecture

The 6-bit ADC with GaAs HBTs employs fold-
ingrinterpolation architecture and MSB, MSB-1 and
MSB-2 are generated by analog encoding while the
other lower 3 bits are generated by digital encoding;
this ADC uses more analog encoding than the 6-bit
ADC with SiGe HBT described above. We use this
configuration considering the balance between GaAs

ŽHBT yield problem and its higher speed than SiGe
.HBT ; qualitatively speaking, as the number of bits

by analog encoding increases, the hardware and
power of the ADC decrease while the analog encod-
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Fig. 10. Chip photo of the 7-bit ADC with SiGe HBT.

ing circuit generates higher frequency signals, which
may degrade the AC performance of the folding

w xADC 23 . Fig. 12 shows the chip photo and Table 6
summarizes the ADC characteristics.

We remark that since our process technology is
not mature, it is difficult to deduce the reasons for
the performance difference among the three ADCs
presented here; the performance difference is not be

only due to architecture and circuit design but also
due to process technology.

7. Digital error correction algorithm for foldingrrrrr
interpolation ADC

This section describes an error correction algo-
rithm for the foldingrinterpolation ADC, and this
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Table 5
Measured performance of the 7-bit ADC with SiGe HBT

Resolution 7 bits
Sampling frequency 1.0 GSrs
Effective bits 5.8 bits at 10 MHz, 1 GSrs

6.1 bit at 4 MHz, 512 MSrs
Ž .Analog input differential 1.7 Vp-p

DNL -1.2 LSB
INL -1.0% of FSC

Ž .Power with output buffers 5.0 W
Power supplies 0.5, y3.6, y5.0 V
Input Capacitance -3 pF
HBT count 2653
Resistor count 938
Capacitor count 90

2Chip size 4.9=4.0 mm

algorithm is useful to improve the AC performance
of the ADC especially when the ADC is not pre-

w xceded by a TrH circuit 15,18,23 .

7.1. Principle

Let us assume, without loss of generality, that in
an 8-bit foldingrinterpolation ADC with Gray code

Ž .output the higher 3 bits G7, G6, G5 are generated
Ž .by folding circuits a cycle pointer , and the other

Ž .lower 5 bits G4, G3, G2, G1, G0 and a redundant
bit B4 are generated by interpolation circuits. Their
chart with respect to the input V is shown in Fig.in

13. The error correction algorithm described here
Ž .correct the values of the higher 3 bits G7, G6, G5

according to the values of G4 and B4. In an ideal
Ž .case no timing skew or device mismatch , the transi-

tion points of B4 from 1 to 0 or from 0 to 1 can be
equal to those of G7, G6 and G5 with respect to V .in

Also, assume that there are no analog skews among
Ž . Ž .G7, G6, G5 nor those among G4, . . . , G0, B4

Žwhile there is analog timing skew t between G7,
. Ž .G6, G5 and G4, . . . , G0, B4 . In the critical region

X, Y 0, Y 1, Z0, Z1, Z2 and Z3 in Fig. 13, due to the
Ž .skew d t, the cycle pointer samples V t while thein

Ž . Ž .interpolation circuit samples V tqd t , and V tin in
Ž .and V tqd t are in the different cycles; e.g., inin

Fig. 13, the cycle pointer samples A while the
interpolation circuit samples B and then the total
ADC output virtually samples C, which causes a
large error. The digital error correction works as
follows: when V is in the critical regions, digitalin

w xerror correction 15,18 corrects the values of G7,

G6 and G5 to G7X, G6X and G5X based on G7, G6,
G5, G4 and a redundant bit B4. Noting that critical
regions of X, Y 0, Y 1, Z0, Z1, Z2 and Z3 can be

Fig. 11. Measured performance of the 7-bit ADC with SiGe HBT.
Ž . Ž .a Input frequency vs. effective number of bits. b Differential

Ž .nonlinearity for DC input with 1.7 V . c Integral nonlinearityp-p

for DC input with 1.7 V .p-p
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Fig. 12. Chip photo of the 6-bit ADC with GaAs HBT.

recognized correctly by the codes of G7, G6, G5,
G4 and B4 according to Fig. 13 and Table 7, we
obtain the following digital error correction algo-
rithm:

B4 in case V is in region XŽ .inXG7 s ½ G7 otherwiseŽ .
°B4 in case V is in region Y 0Ž .in

X ~B4 in case V is in region Y 1G6 s Ž .in¢G6 otherwiseŽ .
°B4 in case V is in region Z0 or Z2Ž .in

X ~B4 in case V is in region Z1 or Z3G5 s Ž .in¢G5 otherwise .Ž .
Then we obtain the following:

XG7 sG6PG5PG4PB4q G6qG5qG4 PG7Ž .
XG6 s G7[B4 PG5PG4q G5qG4 PG6Ž . Ž .
XG5 s G7[G6[B4 PG4qG4PG5.Ž .

Note that the error-corrected ADC outputs are G7X,
G6X, G5X, G4, G3, G2, G1 and G0.

Table 6
Measured performance of the 6-bit ADC with GaAs HBT

Resolution 6 bits
Sampling frequency 3.0 GSrs
Analog bandwidth 300 MHz

Ž .Analog input differential 1.5 Vp-p
Ž .Power with output buffers 4.0 W

Power supplies 0.5, y7.0 V
HBT count 845
SBD count 19
Resistor count 487
Capacitor count 20

2Chip size 4.4=4.0 mm

Fig. 13. The chart of G7, G6, G5 and B4 with respect to V andin

the critical regions of X, Y 0, Y 1, Z0, Z1, Z2 and Z3.

7.2. Simulation

Fig. 14 shows the SPICE simulation results of the
6-bit foldingrinterpolation ADC with SiGe HBT
described above; a solid-line shows the effective bits
vs. the input frequency without error correction and
a dashed-line shows that with error correction. We
see that with the error correction the effective bits
are more than 5.0 bits upto the input frequency of
500 MHz. The fabricated ADC does not incorporate
error correction and its measured results match fairly
well with Fig. 5. Hence, it is expected that the actual
chip would achieve comparable performance if it
incorporates the error correction.

7.3. Limitation of digital error correction

w xWe have shown 15,18 that the above-mentioned
error correction works properly if and only if:

1
)d tP f , 1Ž .inn2 p

where n: the number of higher order bits generated
Ž .by the cycle pointer in the above example, ns4 ,

Table 7
Critical regions and their corresponding higher bits
x: does not care.

Region G7 G6 G5 G4

X x 1 0 0
Y 0 0 x 1 0
Y 1 1 x 1 0
Z0 0 0 x 1
Z1 0 1 x 1
Z2 1 1 x 1
Z3 1 0 x 1
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Fig. 14. SPICE simulation results of the 6-bit foldingrinterpola-
tion ADC with SiGe HBT. The solid-line shows the number of
effective bits vs. the input frequency without error correction,
while the dashed-line shows the results with error correction.

d t: the analog timing skew between higher and
lower order bits, f : the input signal frequency. Thein

Ž .intuitive interpretation is as follows Fig. 15 : the
error correction works properly if the difference, due
to timing skew d t, between the cycle numbers, which
the cycle pointer and the interpolation circuit indi-
cate is within "1. On the other hand, when the
difference is G2 or Fy2, the error correction does

Ž .not work properly. According to Eq. 1 , the timing
skew d t needs to be minimized to improve the AC
performance of the ADC even if error correction is
employed, and this is also confirmed by SPICE
simulation of the ADC at transistor level.

ŽRemark that if device mismatches e.g., DC off-
.sets of analog encoding circuits are sufficiently

large, this may cause synchronization problems be-
tween folding circuits and interpolation circuits, but
the above-mentioned error correction algorithm
works also in this case as well as in the timing skew
case. We note that the error correction algorithm can
easily be extended to other configurations of fold-
ingrinterpolation ADCs.

8. Trackrrrrrhold circuit in high-speed ADC system

8.1. Role of trackrhold circuit in high-speed ADC
system

A TrH circuit is necessary in practice to im-
prove the AC performance of the following ADC
even if the ADC employs the foldingrinterpolation
architecture, which in principle does not require a
TrH circuit. When a TrH circuit precedes an ADC,

Ž .the ADC input i.e., the TrH output is almost
constant and the ADC performs the sampling opera-
tion in hold mode. Hence, during the hold mode,

Ž . Ž .V t fV tqd t if d t is sufficiently small com-in in

pared to the hold duration so that the analog timing
skew d t does not cause synchronization problems
between folding circuits and interpolation circuits.

Three timing issues should be considered for the
w xTrH circuit 18 :

1. Minimizing analog timing skew between folding
circuit and interpolation circuit.

2. Optimum delay adjustment between TrH circuit
clock and ADC sampling clock.

3. Duty cycle between track mode and hold mode
duration.

Analog timing skew d t should be minimized for
w xhigher sampling rate; in our ADC 16 , folding cir-

cuits are faster than sine generators and hence some
circuitry, e.g., differential buffer amplifiers, should
be inserted in folding circuits for extra delay. Since
there is some delay in a TrH amplifier, the delay
between TrH circuit clock and ADC sampling clock

w xshould be adjusted 25 . Also the duty cycle between
track mode and hold mode duration should be con-
sidered; usually the duty cycle is 50% for a TrH
circuit, however if the two TrH circuits are cas-

w xcaded as a master–slave configuration 24 , hold
duration becomes longer, which will further improve
the AC performance of the ADC.

We also remark that the folding circuits and sine
wave generators produce higher frequency signals
than the input frequency, which may degrade the AC
performance of the ADC, and the TrH circuit in
front of the ADC may alleviate this problem; the
higher frequency signal generation does not matter if
the TrH is incorporated and the output signals of the
analog encoding circuits settle within the sampling

w xperiod 4,24 . Also note that TrH circuits are also
key components for a time-interleaved ADC system.

Ž . Ž .Fig. 15. The cycle pointer samples V t s A while the interpo-in
Ž . Ž . Ž . Ž .lation circuit samples V tqd t s B , and V t and V tqd tin in in

can be in different cycles due to skew d t; the total ADC output
virtually samples C, which causes a large error.
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8.2. Trackrhold circuit with GaAs HBT

Next, we will describe a 3GSrs 6-bit TrH circuit
w x19,33 implemented with GaAs HBT to improve the
AC performance of the 3GSrs 6-bit ADC with
GaAs HBT.

8.2.1. Architecture
The TrH circuit employs a differential open-loop

architecture for high-speed operation, and its consists
Ž .of diode bridge switches, hold capacitors 0.6 pF

Ž .and output buffers Fig. 16 . SBDs are used for the
diode bridge switches as they can provide high-speed
switching. The output buffer in Fig. 16b consists of
differential Darlington emitter followers and an
open-loop amplifier with gain of one. Q1 and Q2 are
added to improve the linearity, and the current buffers
Q3, Q4 enhance the AC performance.

Ž .Fig. 16. TrH circuit schematics. a Core of TrH circuit. The
actual circuit is differential but is shown single-ended for simplic-

Ž .ity. b Output buffer.

Fig. 17. Chip photo of the TrH circuit with GaAs HBT.

8.2.2. Implementation
The differential core part in Fig. 16a uses 16

HBTs and 20 SBDs dissipating 570 mW and the
output buffer in Fig. 16b uses 27 HBTs and 4 SBDs
with 420 mW. The whole TrH circuit occupies a

2 Ž .chip area of 1.4=1.75 mm Figs. 16 and 17 , and
its layout is rather conservative to avoid thermal

w xproblems due to the GaAs substrate 27 . A summary
of the measured results is shown in Table 8, and the

w xreader can refer to Refs. 19,33 for details of the
measurement.

9. Aperture jitter effects on high-speed ADC sys-
tem

9.1. Problem formulation

In wideband high-precision sampling systems, the
w xaperture jitter or phase noise 1,6,29 of the sampling

Ž .clock is crucial. Consider a sinusoidal input V t sin

Table 8
Measured performance of the TrH circuit with GaAs HBT

Sampling frequency 3.0 GSrs
Analog bandwidth 6.0 GHz

Ž .Analog input differential 1.0 Vp-p

Droop rate 2.1 mVrns
Feedthrough y46.0 dB at 500 MHz
Hold pedestal -"10 mV
Power consumption 990 mW
HBT count 43
SBD 24

2Chip size 1.4=1.75 mm
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Ž .A cos 2p f t , and a sampling system, which sam-in
Ž .ples it at time tsnT qe Figs. 18 and 19 , wheres n

T is the sampling period and e is the apertures n

jitter; we assume that e follows a Gaussian distribu-n
Ž 2 .tion of N 0,s . Then, we obtain the samplingj

Ž . Ž .system output of V nT sV nT qe , and theout s in s n

error between the input and output is given by:

dV tŽ .in
<V nT yV nT fe . 2Ž . Ž . Ž .tsnTout s in s n d t

where

2p f s <1 3Ž .in j

is assumed. We see that the error is proportional to
Ž Ž .. Ž .the signal slew-rate dV t r d t as well as thein

jitter e . Therefore, note that as the input signaln

frequency f becomes higher, the aperture jitterin

effect becomes more serious because the signal
slew-rate is proportional to f , and hence in wide-in

band sampling systems, the aperture jitter effect is
very problematic. Shinagawa et. al. showed in Shina-

Ž .gawa that with the assumption of Eq. 3 the noise
power due to the jitter is given by:

P s2p 2 f 2 A2s 2 . 4Ž .j in j

However in wideband sampling systems such as
wideband digitizing oscilloscopes, which incorporate

w xan equivalent-time sampling function 5 , the input
signal frequency f is so high for a given s thatin j

2p f s <1 does not hold. In this section, wein j

show the exact formula of the noise power due to the
aperture jitter for almost any input signal without
assuming 2p f s <1.in j

( )9.2. Aperture jitter effects for almost any input
signal

w xRecently, Awad 2 derived the exact formula for
the noise power due to the jitter for a sinusoidal

Ž .input without the assumption of Eq. 3 .

Ž .Fig. 18. A sampling system where V t is an analog input andin
Ž . Ž .V n is sampled output ns . . . y2, y1,0,1,2, . . . . It is as-out

sumed that the sampling clock has a period of T with the apertures

jitter e .

Ž .Fig. 19. a The sampling system in Fig. 18 samples a sinusoidal
Ž .input with a sampling period of T . b Error of the sampleds

output due to the aperture jitter. When the sampling clock has the
aperture jitter e at nth clock period, the sampled output isn

Ž . Ž .V nT qe while the ideal output is V nT ; hence, the errorin s n in s
Ž . Ž .due to the aperture jitter is given by V nT qe yV nT .in s n in s

Ž .Fact i . The exact noise power P due to the jitterj
Ž . Ž .for V t sA cos 2p f t is given by:in in

Ny11 2
P s lim V nT yV nTŽ . Ž .Ýj out s in sNN™` ns0

2 2 2 2sA 1yexp y2p f s . 5Ž .Ž .in j

Note that P does not depend on a samplingj
Ž .period of T . ii When 2p f s <1,s in j

2 2 2 2 2 2 2 2P fA 1y 1y2p f s s2p f s A ,Ž .j in j in j

w xwhich corresponds to the result in Ref. 30 .
Next, we will describe the noise power and SNR

Ž .due to the aperture jitter for almost any input
w xsignal 20 .

( ) ( )Proposition. i When the input V nT is giÕenin s

by a Fourier series:
`a0

V nT s q a cos 2p kf nTŽ . Ž .Ýin s k 0 s2
k s 1

qb sin 2p kf nT , 6Ž . Ž .k 0 s
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then the noise power P due to aperture jitter isj

giÕen by

`
22 2 2 2P s a qb 1yexp y2p kf s .Ž .Ž .Ý ž /j k k 0 j

ks1

7Ž .

( )iii This idea can be extended to any stationary
(input signal i.e., its Fourier transform exists,

` < Ž . < .H V t d t-` using Fourier transform. Sup-y` in
( ) ( )pose that the Fourier transform of V t is F jv ,i n

then the noise power P due to the jitter is giÕenj

by:

` 2 2v sj2< <P s F jv 1yexp y dv .Ž .Hj ž /2y`

w xThe reader can refer to Ref. 20 for the numeri-
cal simulation results.

10. Timing skew problem in time-interleaved ADC
system

The time-interleaving method is very effective
when implementing a high-sampling-rate ADC with

Žrelatively slow circuits actually many of the ADCs
for very wideband digitizing oscilloscopes use this
method, where each channel ADC employs the fold-
ingrinterpolation ADC implemented with Bipolar

w xtransistors 25,26 , and this fact motivates the present
.theoretical study. Fig. 20a shows its configuration

Žwhere each of M channel ADCs ADC , ADC , . . . ,1 2
.ADC precedes a corresponding sample-hold cir-m

Ž .cuit SH , SH , . . . , SH and each operates with1 2 m
Ž .one of M phase clocks CK , CK , . . . , CK re-1 2 m

spectively. The sampling rate of the ADC as a whole
is M times the channel sampling rate. However, this
interleaved ADC system suffers from clock skew

Ž . w xeffects Fig. 20b 13,21 . Suppose that the clocks
Ž .CK , CK , . . . , CK have fixed timing skews d t ,1 2 M 1

d t , . . . , d t . These clock skews are considered as2 M

the jitter of the whole ADC sampling timing and we
will calculate exactly the noise power due to these

w xskews 20 .

Ž . Ž .Fig. 20. a Time-interleaved ADC system. b Clock skew in the
time-interleaved ADC system.

( )Proposition. Consider a sinusoidal input V t si n
( )A cos 2p f t for the interleaÕed ADC system,in

then the noise power P due to the timing skews iss

giÕen by:
Ny11 2

P s lim V nT yV nTŽ . Ž .Ž .Ýs out s in sNN™` ns0

M1
2sA 1y cos 2p f d t . 8Ž .Ž .Ý in pž /M ps1

Ž .Note that P in Eq. 8 is different from P in Eq.s j
Ž .5 , and this difference can be important in wide-
band sampling systems.

11. Discussion on high-speed ADC standardiza-
tion for measuring instrument applications

This section addresses several issues relating to
standardizing the specifications of high-speed ADCs
for measuring instrument applications.

11.1. Sampling speed

Many scientists and engineers think that the sam-
pling speed for the high-speed ADC should be clearly

w xstandardized in terms of the input signal 10,11 . In
many cases, papers andror data sheets claim like
‘‘the sampling speed of this ADC is f ,’’ in spite ofs

the fact that its number of effective bits drops rapidly
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as the input frequency approaches f r2. In such as

case, the speed of two ADCs cannot be compared
with their claimed sampling speed. Also, one may
say that an ideal ADC with resolution of N-bit and
sampling speed of f should have the number ofs

effective bits better than N-0.5 bits upto the input
frequency of f r2. However, this is not always trues

in twofold. On the one hand, the input frequency can
be much higher than f r2 for the ADC used in as

wideband sampling oscilloscope, which incorporates
equivalent time sampling. On the other hand, the

Žinput frequency is often upto f r4 due to the designs
.of the preceding analog anti-aliasing filter for the

ADC used in a real-time sampling oscilloscope, and
for some measuring instrument applications, many
sampling points are required for a transient input
signal, and sometimes digital interpolation is per-
formed between the adjacent sampling points.

11.2. Accuracy

For waveform measurement applications, the
number of effective bits is often not enough to
specify the accuracy of an ADC; the number of
effective bits or SNR shows just its aÕeraged perfor-
mance, however for such applications the worst case
performance is also important. Intuitively speaking,
the effective bits are calculated from the following
averaged error:

2Ny11 V nT yV nTŽ . Ž .Ž .in s out s
E s .Ýavrg 2N V nTŽ .ns0 in s

Ž .On the other hand, worst case error performance
may be defined as follows:

< <E s max V nT yV nT .Ž . Ž .wrst in s out s
0FnFNy1

It degrades the waveform measurement seriously
Ž .if the output V nT shows some glitches evenout s

though there are no glitches in the input signal
Ž . ŽV nT , and the worst case error which may bein s

caused by the comparator metastability, sparkles,
.etc. will specify this performance, and this concept

should be standardized even though the word error
Ž . w xrate or bit error rate is similar to this 10,11 .

11.3. Time-interleaÕed ADC

A time-interleaved ADC is extensively used for
the high-speed waveform measurement instruments;

however, mismatches among its channel ADCs cause
errors. In the time-interleaved ADC, there are some
errors, which are serious for waveform measure-
ments and which can not be specified by the number
of effective bits. For example, the output of the
time-interleaved ADC may show a limit-cycle for
some DC inputs even though the offset mismatches
among its channel ADCs is calibrated to better than
1r2 LSB and the other characteristics are perfectly
matched. The output of the ADC should be constant
for a DC output, however, the output of the inter-

Žleave ADC may show a limit-cycle called ‘‘1 LSB
.noise’’ , which is highly undesirable for waveform

measurement applications. Some instruments cancel
this ‘‘1 LSB noise’’ by digital filtering following the
ADC. In our opinion, the method of specifying
inherent errors in the time-interleaved ADC should
be standardized.

12. Conclusions

We have described three high-speed ADCs and a
TrH circuit for measuring instrument applications: a
6-bit 800 MSrs ADC with SiGe HBTs, a 7-bit 1
GSrs ADC with SiGe HBTs, a 6-bit 3 GSrs ADC
with GaAs HBTs and a 6-bit 3 GSrs TrH circuit
with GaAs HBTs. We have shown that SiGe HBTs
and GaAs HBTs have technological potential for
ultra-high-speed ADC systems. Motivated by the
need to implement high-speed and wideband ADC

Ž .systems, we have derived three theoretical results: i
an error correction algorithm for the foldingrinterpo-
lation ADC and its limitation for high-frequency

Ž .inputs, ii aperture jitter effects in wideband ADCs
Ž .and iii timing skew effects in a time-interleaved

ADC system. Based on these, we have addressed
several issues relating to standardizing the specifica-
tions of high-speed ADC for measuring instrument
applications.
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