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SUMMARY  This paper describes the design and performance
of a high-speed 6-bit ADC using SiGe HBT for measuring-
instrument applications. We show that the Gummel-Poon model
suffices for SiGe HBT modeling and then we describe that the
folding/interpolation architecture as well as simple, differential
circuit design are suitable for ADC design with SiGe HBT. Mea-
sured results show that the nonlinearity of the ADC is within
+1/2LSB, and the effective bits are 5.2 bits at an input frequency
of 100 MHz and 4.2 bits at 200 MHz with 768 MS/s. We also de-
scribe some design issues for folding/interpolation ADC.

key words: A/D converter, folding/interpolation, analog circuit,
SiGe HBT, modeling

1. Introduction

Electronic devices are continuously getting faster, and
accordingly there is a growing need for instruments to
measure their performance. We describe here the design
and measured results of a high-speed 6-bit Analog-to-
Digital Converter (ADC) implemented with SiGe Het-
erojunction Bipolar Transistor (HBT) process. SiGe
HBT has potentially higher fr than Si Bipolar Junc-
tion Transistor (Si BJT) while providing the similar ad-
vantages such as large g,,,, good device matching, good
yield and relatively low cost. Recent SiGe HBT re-
search activity has covered the SiGe HBT process, de-
vice and circuit technology[1],[2]. We consider that
this SiGe HBT technology is a good candidate for
very high-speed ADCs for measuring-instrument appli-
cations, and we have designed and fabricated a 6-bit
folding/interpolation ADC chip with an in-house SiGe
HBT process to investigate its technological potential.

Section 2 provides a comparison of high-speed
ADCs using CMOS, GaAs MESFET, GaAs HBT, Si
BJT and SiGe HBT processes, and Sect. 3 describes the
SiGe HBT process and modeling. Section 4 presents the
ADC design while Sect. 5 describes some measurement
results.
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2. Technology Comparison for High-Speed ADC
System

There are several technology candidates for implement-
ing very high-speed (>GS/s) ADC systems; CMOS is
the most dominant semiconductor technology, but the
speed of CMOS ADCs is currently limited to ~ 200—
300MS/s even for 6-bit resolution See, e.g.,[3]. GaAs
MESFET has very high fr, i.e., high-speed, but the
poor device matching and relatively small g,, are dis-
advantages for our purposes. Si BJT has high fr, good
device matching and large g,,,, so are suitable for a high-
speed ADC and there are many examples of successful
high-speed Si BIT ADCs[4]-[6]. However the speed
limit of Si BJT has been addressed and attention is be-
ing paid to HBT technology for making even faster de-
vices and circuits[1],[2],[7]. Recently very high-speed
ADCs with GaAs HBT were introduced[8],[9], and
we reported on an ADC with this technology [10],[11].
Advantages of GaAs HBT are high fr (higher than Si
BJT), large g,,, and good device matching, while dis-
advantages are low yield, large V; (=~ 1.4V), thermal
problems and high cost. On the other hand, SiGe HBT
has potentially higher fr than Si BIT (but lower than
GaAs HBT) and the other characteristics are similar to
Si BJT (i.e., relatively easy to use, unlike GaAs HBT).

Based on the above considerations, we have used
SiGe HBT to investigate the potential for high-speed
ADC systems.

3. SiGe HBT Process and Modeling

In our SiGe HBT process, npn transistors, thin-film
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Fig. 1  Cross section of SiGe HBT.
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resistors, metal-insulator-metal capacitors and double
metal for interconnection are available. Figure 1 shows
the cross section of our HBT.

()

1-V Curve(AIB=50[uA])
Measured(dot) vs. Calculated(line)
i : o |

10 10

810
6103

4108

Ic[A]

210

0 10°

’\
§
S
~ v :
S — IB(MEAS.)
O . 6 | —= -BEM)
107 -] — o -IC(MEAS.) |-
E : : - % - - IC(SIM.)
10'7 ..“iy.H‘i..,.iu.‘i‘...lH.yl.uyl.,
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Vbe=Vce[V]

(c)

-20 i IS S B

10° 100
freq[Hz]
(d)

Fig. 2 SiGe HBT simulation and measured result comparison.
(a) A diode is added between base and collector to represent
the breakdown voltage of SiGe HBT. (b) Ve — I. characteristics
with the parameter of I. (¢) Vpe vs. Ic, and Vi vs. Ip. (d) AC
characteristics.
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We have used, as our HBT model, a bipolar transis-
tor with Gummel-Poon model and a diode between its
base and collector to represent the breakdown voltage
of the HBT (Fig.2(a)). We found that the calculated
device parameter values, based on doping concentration
and device geometry, and the extracted parameter val-
ues matched well, and the circuit simulation and mea-
surement results matched fairly well in all aspects of
DC, AC and transient behaviors; Fig.2 (b) shows the
Ve — I. plot with varying I, while Fig.2 (c) shows the
Gummel plot and hrp is = 20. Figure 2 (d) shows the
frequency characteristics and fr is about 8 GHz. The
simulated oscillation frequency of a ring oscillator was
386 MHz while the measured frequency was 350 MHz.
We see that, unlike GaAs HBT which has several differ-
ent characteristics from Si BJT, the basic Gummel-Poon
model suffices for our SiGe HBT modeling.

4. ADC Design

A. Design Philosophy: Our SiGe HBT is in the develop-
ment phase and so far it is not mature technology. We
are trying different device structures; some wafers have
used abrupt-junction-base structure while others have
used graded-base structure. Also some have used sili-
con substrate while others have used SIMOX substrate.
Hence their parameters can differ significantly; fr was
8 GHz on the test wafer from which SPICE parameters
were extracted while actual fr of the HBT in the ADC
reported here is now ~ 20 GHz. (The ADC was fab-
ricated in SiGe HBT process with abrupt-junction-base
structure and SIMOX substrate.) Also yield and de-
vice matching are so far not consistent. Circuit design
methods for such devices are quite different from those
for mature technologies such as CMOS and Si BJT. We
use robust circuit design and do not use fancy circuitry,
and the architecture is designed for minimum hardware.
Our first priority is a functional ADC chip and the sec-
ond is high-speed. So far low-power design is not our
major concern.

B. ADC Architecture Design: The ADC employs
the folding/interpolation architecture[5],[12],[13] to
reduce hardware and power (about 1/3 of the flash
ADC) while maintaining high-speed operation. A
differential resistor string is used in the ADC input
stage (Fig. 3 (a)) to cancel the reference DC bowing ef-
fects[12],[14]. The folding circuits perform analog en-
coding and generate G5 (MSB) and G4 of Gray code
and O/U (overflow/underflow) bit (Fig.3(b))[15].
Four sinusoidal wave generators (Fig. 3 (c)) and the re-
sistor interpolation circuit (Fig.3(d)) produce sixteen
sinusoidal waves with different phases with respect to
the input voltage. Following the interpolation circuit,
XOR-tree type digital encoder circuits generate lower
4bits (G3, G2, Gl, GO (LSB)) of Gray code from
Moy, ... My in Fig.3 (d). We note that Gray code reduces
the metastability effects of the latched-comparators [ 12],
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Fig. 3 ADC circuits. (a) Differential resistor string. (b) Folding circuits which generate

G5, G4 and O/U.

[14].

All of the internal signals are differential, and
all of the internal analog and digital circuits are
basically composed of differential pairs and emit-
ter followers, while the digital outputs are single-
ended (open-collector). Several design issues for fold-
ing/interpolation ADC are described in the follwoing.

C. Analog and Digital Encoding: In our 6-bit
ADC, MSB and MSB-1 are generated by analog encod-
ing (folding circuit) while the other lower 4-bits are gen-
erated by digital encoding (interpolation circuit). Also
the 6-bit folding ADC in[8] uses the similar configu-
ration. For most of 8-bit folding ADCs[17],[19],[20],
MSB, MSB-1 and MSB-2 are generated by analog encod-
ing while the other lower 5-bits are generated by digital
encoding. Flash ADCs may be considered that their
all bits are generated by digital encoding. Qualitatively
speaking, as the number of bits by analog encoding in-
creases, the hardware and power of the ADC decrease
while the analog encoding circuit generates higher fre-
quency signals which may degrade the ADC high fre-
quency performance. However in many cases the con-
figuration of analog and digital encoding in folding
ADCs may be decided by design experiences and its
quantitative design methodology is left for future work.
We close this section by remarking that the AC perfor-

mance of the folding/interpolation ADCs may be de-
graded by the high frequency signal generated by ana-
log encoding, however the interpolation circuit reduces
the ADC input capacitance, which gives a positive im-
pact on the AC performance. Hence in some cases the
folding/interpolation ADC can have better AC perfor-
mance than the flash ADC[7].

D. High Speed Differential Resistor String: The
differential resistor string in the ADC input stage
(Fig.3 (a)) is known to cancel the reference DC bow-
ing effects [ 14]. However we have found that this circuit
has a disadvantage for high-speed operation: the input
signal goes through the buffer and propagates an RC
delay line where R is the unit resistor of the resistor
string and C is the input capacitance of the compara-
tor. The propagation time ¢,4 to reach at the end of the
resistor string is given by

tpa ~ KN?RC,

where K is a constant and N is the number of com-
parators connected to the resistor string[16]. We pro-
pose using the circuit shown in Fig. 4, where the resistor
string is driven from both sides. The propagation time

TThis time the proposed circuit is not used in the ADC
chip, but in the next ADC design, we will incorporate this
circuit.



392

IEICE TRANS. FUNDAMENTALS, VOL. E81-A, NO. 3 MARCH 1998

lEacaady

I

=

mi13- m04+ | mif- mo8+ | molb- m0c+§m07- ml0+ m03- é So S
¢

o1

v

mol+

5 80500

mi2- m05+ mle- m09+ mo0a- mO0d+

R E{j R

—0

06- mu+i mo02- ?Sl s1
i

180000

mo2+ mll-

58 B B @ B

m06+ [m0d- mola+ | m09- mle+ mo05- mi12+ moL-

t—o

S2
9

S2

m03+ m10- m07+ m0c- mOb+ m08- mOf+

} }

(d)
(c) Sinusoidal wave generators. Four-phase sinusoidal waves S0, S1, S2 and S3
with respect 1o the input voltage are generated. (d) Resistive interpolation circuit and the
following comparators.

Fig. 3

m04- ml3+ m00-

Comparator Array

v0 Mo
v0

vl |~ M1
v_1—>
v2 N\ M2
a-}
v3 I\ M3
73-}

va N\ M4
va
V5 N\ M5
v5
v6 ™\ M6
v6
VI N M7
v

v8 MsS
v8

v9 -\ M9
- S

ve Mc
ve

vd Md
vd

ve Me
ve

vf Mf
vE



KOBAYASHI et al: A HIGH-SPEED 6-BIT ADC USING SIGE HBT

Vin+ Vin-

Vref

Vrﬂ

—
(= = {w{=]

ou

@
(b)

Fig. 4 Proposed high-speed differential resistor string. (a)
Equivalent circuit. (b) Actual circuit.

t;’gd to reach at the middle of the resistor string (where
the signal is most delayed) is given by

tra~ K(N/2)?RC
and we see that

tra = tpa/4.

E. Interpolation Circuit Characteristics: We have
derived some characteristics of the interpolation circuit.
Consider the resistor interpolation ring in Fig. 3 (d) and
Fig.5. Each node of the interpolation resistor ring is
connected to the comparator input (usually base of an
emitter follower) and then the base current i, of the
emitter follower may degrade the accuracy of the inter-
polation. However this section shows that the interpo-
lation resistor ring cancels the base current effect thanks
to its differential structure. Suppose that

S0 =—-50:= sm(ka - (3/4>7T)’
81 = —81 :=sin(kVi, — (1/4)m),

393

Fig. 5 Resistor interpolation ring with the base current effect.

52 = =82 :=sin(kVi, + (1/4)7),
S3 = —83 :=sin(kV;, + (3/4)7).

w

Then in Fig. 5

S0—S1=S51-250
= Ry (j + 3ip) + Ra(j + 24p)
+ Ro(j +14p) + Rij
= (27 + 3ip) (R1 + Ro)

where
9 4+ 30y = 50— 51
Ry + Ry
and hence
. S0 — S1 3,
J

- 2(R1 + R2) B glb-

Each node voltage of vg,Tg, vy, 01, v2, U3, v3, T3, v4 and
vy is given by as follows:

vo = S0, g = S0,

v1 =80 — Ry(j +34p), o1 =S50+ Rij,

vg = S0 — Ry(j + 3ip) — Ra(j + 24p),

U3 = S0+ Ryj + Ro(j + ip),

vg = 50 — Ry(j + 3ip) — Ra(25 + 3iy),

T3 = S50+ R1j + R(2j + 3ip),

vy =81, vy =51,

From the a'bove equations, we obtain the following dif-
ferential signals:

v — Ug = 250,
. Ri+2R Ry
-] = S0 S1
T T R AR TR TR



394

IEICE TRANS. FUNDAMENTALS, VOL. E81-A, NO. 3 MARCH 1998

T

Fig. 6 Digital encoder circuit.

Fig. 7 ADC chip photo.

vy — 13 = S0+ 51,

— Rl R1+2R2
vz — Uz = S0+
3 — U3 R+ R,
U4—m:251.

S1,
R + R,

The same approach can be applied for vs, Vs, ..., vf,Uy.
We see that the base current effect is cancelled in the dif-
ferential signals and the interpolation works correctly.

We also remark that the common-mode mismatch
effects among (S0, 50), (S1, 51), (52, 52) and (S3,53)
are cancelled in the interpolation resistor ring.

F. Digital Encoder Design: We have developed a
simplified encoder circuit equivalent to EXOR-tree cir-
cuit utilizing the cyclic nature of interpolation circuit
outputs; Fig.6 shows the digital encoder for GO and
the differential outputs of EXOR circuits are connected
to minimum or maximum signal detection circuit, and
this circuit converts the inputs of circular code to the
outputs of Gray code. This circuit is smaller and faster
than the conventional EXOR-tree circuit.

G. ADC Layout Design: Figure 7 shows the ADC
chip photo (4.7 x 4.0 mm?), and 1,740 HBT’s, 741 resis-
tors and 49 capacitors are integrated. The upper metal
is extensively used for interconnection due to its smaller
wiring capacitance with respect to the substrate while

Vbias current

w1

]

current

voltage
level Vbl

Veel
Vee2

Veen

location

Fig. 8 Layout topology of power supply line and bias line.
Wa/W1 =~ hpg and the voltage drops of power supply and
bias lines are almost the same at each location; Vi1 — Vee1 =
Vig — Veez & ... & Vi — Veen and the currents are almost the
same among many current SOurces.

the lower metal is mainly used for power, ground and
bias voltage lines. Also to compensate for the voltage
drops of the negative power supply line and the bias
voltage line for many current sources and to keep their
currents almost the same, the layout topology shown in
Fig. 8 is used. Separate power supply lines are used for
analog circuit, digital circuit and output buffers.

5. Measured Results

Figure 9 shows the differential and integral nonlineari-
ties and we see that they are within +1/2LSB. A sinu-
soidal input was applied to the ADC and its effective
bits were calculated using 2 K-point FFT. Figures 10 (a)
and (b) show the effective bits with respect to the in-
put frequency at the sampling rates of 256 MHz and
768 MHz respectively. We see that the effective bits are
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more than 5bits upto the input frequency of 128 MHz
in both cases. At 896MS/s the effective bits drop to
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Fig. 11  Measured reconstructed ADC output waveform for a
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some glitches which degrade the effective bits of the ADC at
a high-frequency input.
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Fig. 12 ADC AC measurement setup.

4.4bits even at an input frequency of 60 MHz.

The main part to limit the AC performance of the
ADC is the analog circuit; Fig. 11 shows the measured
reconstructed ADC output for a high frequency sinu-
soidal input and we recognize some glitches. These
are due to the timing skew among folding circuits and
sine wave generators. SPICE simulation showed that
when a bit synchronizer circuit[13],[15] is incorpo-
rated, the timing skew problem is alleviated and the
effective bits are more than 5.0bits upto the input fre-
quency of 500MHz. We also remark that the folding
circuits and sine wave generators produce higher fre-
quency than the input frequency, and to achieve the
better AC performance we are considering using a T/H
circuit in front of the ADC[14],[17].

All measurements were performed by on-wafer
probing and Fig. 12 shows the AC measurement setup.
Table 1 summarizes the ADC performance.

6. Conclusions
This paper has described the design and performance

of a 6-bit ADC with SiGe HBT. We showed that the
Gummel-Poon model suffices for SiGe HBT modeling,
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Table 1 ADC performance.

Resolution 6 bits

Sampling frequency 768 MS/s

Effective bits 5.2 bits @ 100 MHz
Analog input (differential) | 1.6 Vp—p

Linearity +1/2 LSB

Power (w/o output buffers) | 2.8W
Power supplies 05V, —-45V, -50V

HBT count 1,740
Resistor count 731
Capacitor count 49

Chip size 4.7 x 4.0 mm?

and using the folding/interpolation architecture as well
as simple, differential circuit design developed a func-
tioning ADC chip. We have also discussed some de-
sign issues for folding/interpolation ADC. The mea-
sured nonlinearity is within =1/2 LSB and the effective
bits are 5.2 bits at 100 MHz with 768 MS/s. Recently a
4-bit ADC with SiGe HBT was reported in[18], how-
ever, to the best of our knowledge, this paper may be
the first report of a 6-bit ADC with SiGe HBT.
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