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Recent work [1] brought CMOS into the world of ADCs for real-
time high-bandwidth oscilloscopes. This work extends the reach
of CMOS ADCs by a factor of 5 to a sample rate of 20 GS/s and a
bandwidth of 6 GHz, using standard digital 0.18µm CMOS to
create the world’s fastest 8-bit ADC. This chip also solves the
problem of capturing the resulting 20GB/s data stream by
including a 1MB on-chip sample memory.

The architecture of the ADC is shown in Fig. 18.1.1. The analog
input goes to a BiCMOS buffer chip which drives the 4pF input
capacitance of the CMOS chip. The ADC is organized in 80 slices,
each consisting of an input track and hold (T/H), a transconductor
to convert voltage to current (V/I), a reduced-radix current-mode
pipeline ADC, and a radix converter, all running at 250MS/s. Each
slice is clocked 50 ps after the previous one. The 1GHz input clock
drives a delay-locked loop (DLL), interpolators, and dividers to
create 80 250-MHz clocks. The data are stored into a 1MB on-chip
memory at up to 20GS/s. The decimator can subsample the data
to allow longer time records in the memory. When an acquisition
is finished, the data are read out from the memory at 250MS/s.

The key function of the input buffer chip is to provide a well-
matched 50Ω input termination while driving a 4pF load on the
CMOS chip through bond wires, with a gain response that is flat
from DC to 6GHz.

The simplified schematic of the input buffer chip is shown in Fig.
18.1.2. Differential inputs are terminated with a combination of
fixed resistors and linear-region FETs used as electrically-vari-
able resistors. The parasitic reactances are neutralized by incor-
porating them into an L-C-L transmission line consisting of the
bond wire, the pad and input transistor capacitances, and an on-
chip inductor. Emitter follower input buffers drive a Cherry-
Hooper differential amplifier [2]. 

It is important to control the peaking of the output RLC circuit
across process variations. This is solved by adjusting the current
in the output followers to set their gm to control the damping of
the RLC circuit. The buffer chip is built in a 40GHz-fT SiGe
BiCMOS process and dissipates 1W.

On the CMOS chip, all 80 T/H circuits are directly connected to
the input pads. Each differential T/H is a pair of NMOS FET
pass-gate circuits, followed by a differential transconductor
stage to drive the current-mode pipeline ADC.

Each pipeline ADC uses 12 stages with radix 1.6 to provide tol-
erance for large mismatch errors, allowing the use of small
devices to save power. A digital radix converter turns the 12b
radix-1.6 data into 8b binary. The coefficient registers in the
radix converter are programmed by calibration software to cor-
rect the per-stage variations in the pipelines. 

The simplified schematic of one stage of the current-mode pipeline
ADC [1] is seen in Fig. 18.1.3. The differential input current goes
to a pair of 1.6x current mirrors, with NMOS pass gates inserted
to operate as T/H circuits. The comparator senses the input polar-
ity and causes a 1b DAC current to be added to or subtracted from
the output current. This pipeline has several advantages: (i) low
power: 57mW per slice including transconductor and radix con-
verter (ii) low area: 0.12mm2 per slice (iii) compatibility with digi-

tal CMOS: no linear resistors or capacitors are required to main-
tain parallel construction with (i) and (ii). At 250MS/s, this
pipeline runs twice as fast as the 0.35µm pipeline in [1], with 25%
less power and 60% less area. It achieves a power figure of merit
of 2.3pJ/conversion/level.

The clock system must create 80 250MHz clocks, each offset by 50ps
from its neighbors with an error of less than 1ps. Starting with a sin-
gle 1GHz input clock, the ADC uses a DLL to generate 5 differential
clock phases. Interpolation is used to get 20 single-ended phases.
These are divided by 4 to provide the 80 time-interleaved 250MHz
clocks, each of which has a digital timing adjustment circuit. 

The memory system (Fig. 18.1.4) achieves a 20GB/s write rate with a
minimum of digital noise generation. It is divided into 8 groups of
SRAM blocks, each with its own controller. To reduce bit-line charg-
ing power, the 1MB total of SRAM is broken into small 4KB blocks to
keep the internal lines short. To allow adequate timing margin, the
4ns data stream from the slices is demultiplexed by 2. Each row of
SRAMs has 16 active blocks and one spare; the controller performs
self-test and repair of the SRAM arrays.

Variations in chip temperature degrade calibration accuracy, so
dummy writes are used to keep the write rate (and power) constant
at all times except during memory readout. The 6mm long data
lines are complementary and precharged on each cycle to keep their
power consumption independent of data patterns. To spread out the
clock-related supply-current spikes at the 4ns write rate, the 8
memory group clocks are staggered at 0.5ns intervals.

The two chips are packaged in a custom 438-ball BGA (ball-grid
array) package (Fig. 18.1.5). Direct chip-to-chip wirebonding min-
imizes the inductance between the chips. Total power is 10W.

Calibration is performed in software. Using a sawtooth calibra-
tion waveform, per-slice gain and offset values are measured and
corrected with 160 on-chip DACs. Then gain coefficients for each
stage of each pipeline are calculated and loaded into the radix
converter, so that corrected 8b binary data comes out. Next,
Fourier analysis of a pulse waveform is used to set the on-chip
per-slice timing adjustments.

The differential nonlinearity (DNL) of the ADC is ±0.3 LSBs;
intrinsic integral nonlinearity (INL) is ±1.7 LSBs (mainly due to
third harmonic distortion in the open-loop transconductor cir-
cuit). INL is ±0.3 LSBs with an external HD3 post-correction.

As shown in Fig. 18.1.6, ADC accuracy reaches 6.5 effective bits at
input frequencies up to 500MHz, mainly limited by thermal noise.
It achieves 4.6 effective bits for a full-scale input at 6GHz, limited
by jitter. Total jitter is 0.7ps rms, including external clock jitter,
on-chip thermal jitter and residual timing misalignment.
Misalignment after calibration is less than 0.4 ps rms. The ADC
achieves a full-scale input signal bandwidth of 6.6GHz.

Figure 18.1.7 shows the major results. This ADC sample rate is
twice as high as any ADC of 6 or more bits [4] and five times as
high as any other CMOS ADC [1].
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Figure 18.1.1: ADC architecture. Figure 18.1.2: Input buffer chip - simplified schematic.

Figure 18.1.3: Simplified pipeline stage schematic.

Figure 18.1.5: 1.2 x 2.6mm BiCMOS chip, 14 x 14mm CMOS chip. Figure 18.1.6: Effective bits vs. input frequency.

Figure 18.1.4: Block diagram of a memory group.

 2 muxes

DLL
1 GHz
Clock

Clock

Gen

80 A
D

C
 S

lices

80 R
ad

ix C
o

nverters

80 S
lice D

ecim
ato

rBiCMOS

0.18-um CMOS ADC Chip

Vin

80 T
/H

s an
d

 V
/Is

Buffer
 Chip

8 M
em

 C
ontrollers

1 M
B

yte S
R

A
M

VIN

VINB

Cherry-Hooper
Diff Amp

Buffer Chip
ADC
Chip

4 pF

DAC

Iin

Iout

W 1.6W

ck1

ck2

VDD

Vbias

410w x
80b
SRAM

80

410w x
80b
SRAM

410w x
80b
SRAM

Memory

Controller80

ck

data

17x

410w x
80b
SRAM

80

410w x
80b
SRAM

410w x
80b
SRAM

17x4 ns

8 ns

8 ns

Buffer
Chip

Pipelines

Radix Converters

Memory Controllers

SRAM Array

ADC Chip

10M 20M 50M 100M 200M 500M 1G 2G 5G 10G
Frequency (Hz)

0

1

2

3

4

5

6

7

8

E
ff

ec
ti

ve
 B

it
s

Input amplitude 95% of full scale.

Noise-limited Jitter-limited



3DIGEST OF TECHNICAL PAPERS  �

Figure 18.1.7: ADC results.

Sample Rate 20 GSa/s

Resolution 8 bits

INL
   Intrinsic
   With linearity correction

+1.7 LSBs
+0.4 LSBs

DNL +0.3 LSBs

 Bandwidth 6.6 GHz

Accuracy
  @ 500 MHz input
  @ 6 GHz input

6.5 effective bits
4.6 effective bits

Jitter 0.7 ps rms

Input Range 0.25 Vpk differential

Buffer Chip ADC Chip

Input Capacitance 0.2 pF 4 pF

Power 1 W 9 W

Chip Size 1.2 x 2.6 mm 14 x 14 mm

Technology 40-GHz SiGe BiCMOS 0.18-mm CMOS

Transistors 1000 50M

Package 438-ball BGA


