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1.   Introduction

Coherent optical data transmission schemes with 
multilevel modulation formats are now attracting a 
great deal of attention and are being investigated in 
terms of suitability for future cost-effective optical 
transport networks. High-order multilevel modula-
tion formats, such as 16-QAM and 64-QAM (QAM: 
quadrature amplitude modulation), are especially 
promising techniques for constructing post-100- 
Gbit/s/ch optical transmission systems [1]–[3]. An 
example of a transmitter for such systems is shown in 
Fig. 1. In the transmitter, high-speed digital-to-ana-
log converters (DACs) are key components for gener-
ating modulated signals. DAC performance require-
ments depend on the target bit rate and the modula-
tion format. For example, for a 160-Gbit/s/ch-class 
polarization-division-multiplexing (PDM) 16-QAM 

system, which has a baud rate of 20 Gbaud, a sam-
pling rate of above 20 giga-samples per second (GS/s) 
and a resolution of 6 bits or more are needed.

Recently, high-speed (> 20 GS/s) 6-bit DACs based 
on SiGe heterojunction bipolar transistor (HBT) 
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Abstract
We have developed a high-speed low-power 6-bit digital-to-analog converter (DAC) for next-

generation optical transmission systems. To achieve both high-speed and low-power performance, we 
used a simple R-2R ladder-based current-steering architecture and devised a new timing alignment 
technique. A DAC test chip was fabricated using our in-house InP-based heterojunction bipolar transistor 
(HBT) technology. It operates at a sampling rate of up to 28 giga-samples per second (GS/s) with low-
power consumption of 0.95 W and achieves a better figure of merit (0.53 pJ per conversion step) than 
any other previously reported DAC with a sampling rate above 20 GS/s. It also provides a clear multilevel 
modulated signal and can be applied to post-100-Gbit/s/ch multilevel optical transmission systems.
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technology for such optical transmission systems 
have been reported [4]–[6]. Recent scaled SiGe HBT 
technology offers high-speed operation, but care is 
often needed to avoid device mismatch, such as 
transistor variation, especially for mixed-signal 
integrated circuits (ICs), such as DACs. They achieve 
a sampling rate of over 20 GS/s, but consume more 
than 2 W owing to their complicated circuit 
architectures to overcome device mismatch and 
improve their linearity.

This article describes the circuit design and mea-
sured performance of a high-speed low-power DAC 
using InP HBT technology. InP HBT technology 
offers high-speed operation with larger devices than 
SiGe HBT technology because of its inherent excel-
lent high-speed performance. Therefore, it provides 
higher tolerance to device mismatch and a higher 
breakdown voltage with the drawback of smaller-
scale integration. It enables us to choose a simpler 
circuit architecture and helps achieve low-power 
operation. InP HBTs are attractive for making high-
speed, low-power, high-sensitivity mixed-signal ICs, 
such as DACs. We previously reported a 32-GS/s  
6-bit 1.4-W DAC [7] using our in-house 1-μm-emit-
ter InP HBT technology, which yields a peak cutoff 
frequency (ft) of 175 GHz and a peak maximum 
oscillation frequency (fmax) of 260 GHz. In this arti-
cle, we present our updated lower-power DAC using 
the same technology [8]. To achieve high speed, 
lower power, and higher dynamic linearity, we used a 
simple R-2R ladder-based current-steering architec-
ture and devised a new timing alignment technique, 
which helps suppress the glitch noise in the analog 
output and achieve high dynamic linearity. The DAC 
with the timing alignment technique can operate at a 
sampling rate of up to 28 GS/s and has, at the same 
time, high dynamic linearity with low-power con-
sumption of 0.95 W. It also provides a clear multi-
level modulated signal and can be applied to post-
100-Gbit/s/ch optical transmission systems.

This article is organized as follows. Section 2 
describes the circuit design of the high-speed low-
power DAC. Section 3 presents measurement results 
for the test chip. Section 4 compares our DAC with 
state-of-the-art DACs. Finally, section 5 summarizes 
this work.

2.   Circuit design

2.1   Current-steering DACs
Most high-speed DACs are based on a current-

steering architecture [9], [10]. There are three main 

ones for high-speed DACs, as shown in Fig. 2: bina-
ry-weighted current-steering DAC, R-2R ladder-
based current-steering DAC, and segmented current-
steering DAC.

The binary-weighted current-steering DAC con-
sists of binary-weighted current sources, current 
switches, a single resistor (R), and D-type flip-flops 
(D-FFs). The D-FFs are placed just before current 
switches to reduce the timing skew of incoming digi-
tal data (D0–DN-1). This DAC has the simplest archi-
tecture but the highest demand for the matching 
requirement. It is hard to implement accurate binary-
weighted current sources for high-resolution DACs. 

The R-2R ladder-based current-steering DAC is 
one solution for achieving higher resolution. In this 
architecture, each current source has the same value. 
The R-2R ladder network can be implemented with a 
combination of unit resistors. Therefore, it is easier to 
achieve relative matching among devices and imple-
ment higher resolution. 

The segmented current-steering DAC has a binary-
to-thermometer-code decoder and 2N-1 identical cur-
rent sources. This architecture has the highest toler-
ance to device mismatch, but needs additional build-
ing blocks and many parallel current switches and 
consumes much more power than the other two.

A simpler architecture is a better choice for achiev-
ing both high-speed and low-power operation. How-
ever, one should choose an architecture by consider-
ing the strengths and weaknesses of the given tech-
nology. For example, high-speed 6-bit DACs with 
scaled SiGe HBT technology are based on a partially 
segmented architecture, which is a combination of 
segmented and binary-weighted architectures, to 
overcome device mismatch and achieve high lineari-
ty. On the other hand, our in-house InP HBT technol-
ogy enables us to choose a simpler R-2R ladder-based 
architecture for 6-bit resolution. Therefore, an R-2R 
ladder-based current-steering architecture is an 
appropriate choice for our InP HBT technology to 
achieve a DAC that features both high speed and low 
power. 

However, with an R-2R ladder-based current-steer-
ing DAC, one must pay careful attention to glitch 
noise in the analog output, which is caused mainly by 
the timing skew of the digital data that controls the 
current switches. As the sampling rate increases, it 
becomes more difficult to distribute the clock signal 
simultaneously among the retiming D-FFs. In other 
words, when the sampling rate is very high, the  
D-FFs cannot suppress the timing skew of the incom-
ing data, resulting in large glitches in the analog 
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output, especially when the data changes from 
“011111” to “100000” where all current switches 
change. Thus, this DAC requires very strict timing 
alignment. In our previous work [7], to overcome this 
problem we devised a novel double-sampling tech-
nique that relaxes the speed restraint on the clock 
distribution. However, it needs additional circuits and 
therefore consumes additional power. In this work, to 
achieve high speed, lower power, and higher dynamic 
linearity, we devised a new timing alignment tech-
nique that helps achieve accurate timing alignment 
for the current switches and suppress the glitch noise 
in the analog output without any additional circuits, 
as explained in section 2.2. 

2.2   Timing alignment technique
A simplified schematic of the R-2R ladder-based 

current-steering DAC used in this work is shown in 
Fig. 3. The building blocks have a differential archi-
tecture (Fig. 4). The incoming data (DM) is converted 
into a differential signal in the input buffer. This dif-
ferential signal is then latched and retimed by the  
D-FF on the basis of a standard master-slave flip-
flop. There is a two-stage buffer between the D-FF 
and current switch to eliminate clock noise and sup-
press the data feed-through. The retimed and 
smoothed differential signal drives the current switch, 
which is based on a differential pair with emitter-
degeneration resistors to suppress the overshoot in 
the analog output. We carefully designed the differen-
tial R-2R ladders to have an output impedance of  
50 W to match the 50-W load. 

As mentioned in section 2.1, we devised a timing 
alignment technique to help achieve accurate timing 
alignment for the current switches. This technique is 
based on the layout and wiring techniques. The rough 
layout of the 6-bit DAC test chip is shown in Fig. 5. 
The DAC core consisting of six current-switching 
cells and differential R-2R ladders was placed at the 
center of the chip. Six retiming D-FFs were sym-
metrically placed around the DAC core. The clock 
paths from the clock distributor to the upper four  
D-FFs (LCLK5–LCLK2) were designed to be equal in 
length. The data paths from the upper four D-FFs 
with the two-stage buffers to the upper four current 
switches (LD5-LD2) were also designed to be equal in 
length. Therefore, the clock and data paths for the 
upper four bits are fully symmetrical. On the other 
hand, the clock paths from the clock distributor to the 
lower two D-FFs (LCLK1 and LCLK0) were designed to 
be equal in length but shorter than the upper four. The 
difference in length between the upper four and the 
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lower two causes timing skew between the upper four 
data and the lower two data. To suppress this timing 
skew, the paths from the lower two D-FFs with the 
two-stage buffers to the lower two current switches 
(LD1 and LD0) were designed to be longer than the 
upper four. In short, we designed the interconnect 
paths to satisfy the following equation:

LCLK5+LD5=LCLK4+LD4=LCLK3+LD3

=LCLK2+LD2=LCLK1+LD1=LCLK0+LD0.� (1)

With these layout and wiring techniques, all 6-bit 
data (D0–D5) can be aligned accurately at the current 
switches. The DAC consequently has small glitches 
and achieves good dynamic linearity without addi-
tional circuits.

3.   Measured results

3.1   Process technology
The 6-bit DAC test chip was fabricated using our 

in-house InP HBT technology [11]. Each HBT has a 
70-nm-thick undoped InP emitter, a 50-nm-thick car-
bon-doped InGaAs base, and a 300-nm-thick InGaAs 
collector. The size of the lateral emitter of the stan-
dard HBT is 1 μm × 4 μm. The fabricated HBTs have 
a peak cutoff frequency (ft) of 175 GHz and a peak 
maximum oscillation frequency (fmax) of 260 GHz. 
The technology also features two metal interconnect 
layers.

3.2   Performance
A microphotograph of the R-2R ladder-based cur-

rent-steering DAC with the timing alignment tech-
nique is shown in Fig. 6. The chip contains approxi-
mately 1100 elements and measures 3 mm × 3 mm.

The DAC was tested on-wafer using a probe station 
and high-frequency probes. It consumes total power 
of 0.95 W with a supply voltage of –4.0 V. Approxi-
mately 75% of the power is consumed by the retiming 
circuits consisting of the clock and data buffers, clock 
distributor, D-FFs, and two-stage buffers. The DAC 
core consumes only 0.24 W. 

The measured differential nonlinearity (DNL) and 
integral nonlinearity (INL) are within +0.68/-0.16 
LSB and +0.17/-0.68 LSB, respectively, where LSB 
stands for the least significant bit (Fig. 7). These 
results demonstrate that the R-2R ladder-based archi-
tecture is an appropriate choice for our InP HBT 
technology to achieve 6-bit resolution. The measured 
sinusoidal output waveforms for 72.5 MHz at a sam-
pling rate of 13.5 GS/s are shown in Fig. 8. The 
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measured spurious-free dynamic range (SFDR) ver-
sus output frequency is summarized in Fig. 9. The 
SFDR remained above 36 dB up to the Nyquist fre-
quency. These results show that the DAC has very 
good dynamic linearity over the entire Nyquist band-
width. 

Owing to the limited output data rate of our pulse-
pattern generator, we could not measure the dynamic 
characteristics for a sinusoidal output at rates above 
13.5 GS/s. Instead, we measured ramp-wave outputs 
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to characterize the DAC at higher speeds. A ramp-
pattern test is often utilized to characterize the 
dynamic performance of high-speed DACs. The mea-
sured 16- and 64-step ramp-wave outputs at a sam-
pling rate of 27 GS/s are shown in Fig. 10. In 
Fig. 10(a), the 16-step output changed every four 
sampling-clock cycles, while in Fig. 10(b), the 64-
step output changed every sampling-clock cycle. The 
glitches were well suppressed, and linear ramp-wave 
outputs were obtained as expected. These results 
demonstrate that the timing alignment technique 
works as well as could be expected. The output tran-
sient time is less than 20 ps.

Since the R-2R ladder-based current-steering DAC 
achieved very good performance, we assembled it 
into a metal package with high-frequency connectors 
(Fig. 11) [12] to facilitate its use in an optical trans-
mission experiment. The measured four-level signals 
for 16-QAM transmission are shown in Fig. 12. The 

(a) 16-step ramp wave 

50 mV/div 500 ps/div

(b) 64-step ramp wave 

50 mV/div 500 ps/div

Fig. 10.   Measured ramp-wave output waveforms at 27 GS/s. (a) 16-step ramp wave and (b) 64-step ramp wave.

Fig. 11.   Photograph of the DAC module.

(a) 22 GS/s 

75 mV/div 20 ps/div

(b) 28 GS/s 

75 mV/div 20 ps/div 

Fig. 12.   4-level signals for 16-QAM transmission for two sampling rates: (a) 22 GS/s and (b) 28 GS/s.
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DAC module provided a clear four-level signal with 
full-scale rise and fall times shorter than 20 ps at a 
sampling rate of up to 28 GS/s. This DAC module has 
been used to demonstrate 11 × 171-Gbit/s PDM 16-
QAM optical transmission [13]. Thus, this DAC can 
be applied to post-100-Gbit/s/ch multilevel optical 
transmission systems.

4.   Comparison

Our DAC is compared with other state-of-the-art 
DACs designed for optical transmission systems with 
a sampling rate above 20 GS/s in Table 1. The figure-
of-merit (FOM) for energy per conversion step is 
defined as

FOM= Power
2N • fsampling

 ,� (2)

where Power is the total power consumption, N is the 
physical resolution, and fsampling is the maximum sam-
pling rate.

Our DAC shows outstanding performance. It oper-
ates at a sampling rate of up to 28 GS/s, consumes 
only 0.95 W, and has a better FOM (0.53 pJ per con-
version step) than any previously reported DACs with 
sampling rates above 20 GS/s. 

5.   Summary

In this article, we presented the circuit design and 
measured performance of a high-speed low-power 
DAC using InP HBT technology. To achieve both 
high-speed and low-power operation, we used a sim-
ple R-2R ladder-based current-steering architecture 
and devised a new timing alignment technique. The 
6-bit DAC with timing alignment can operate at a 
sampling rate of up to 28 GS/s, consumes only 0.95 
W, and has a better FOM (0.53 pJ per conversion 

step) than any previously reported DACs with sam-
pling rates above 20 GS/s. It provides a clear multi-
level modulated signal for QAM transmission and 
can be applied to post-100-Gbit/s/ch 16-QAM sys-
tems. Our DAC will be effective for next-generation 
optical transmission systems.
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