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A 6-bit Segmented DAC Architecture With
up to 56-GHz Sampling Clock and
6-Vpp Differential Swing
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Abstract—A distributed power digital-to-analog converter
(DAC) architecture with multi-level segmentation is proposed.
Due to its large output voltage swing, it can be used as a large swing
arbitrary waveform generator suitable for a variety of wireline,
fiber optic, and instrumentation applications. A proof-of-concept
56-GS/s 6-bit implementation with most significant bits (MSBs)
and least significant bits (LSBs) segmentation and full-rate clock
was manufactured in a production 130-nm SiGe BiCMOS tech-
nology. The circuit features 14 independent data bits—seven for
the three MSBs and seven for the three LSBs—each running at
up to at least 44 Gb/s. The measured saturated output power and
bandwidth are 17 dBm and 45 GHz, respectively. An output swing
of 3.4 V, per side is observed in 50-£2 loads. Spectral measure-
ments demonstrate multi-bit modulation at carrier frequencies
as high as 56 GHz. To the best of our knowledge, this marks the
highest output-bandwidth highest voltage-swing current-steering
DAC in silicon.

Index Terms—Current steering, digital-to-analog converter
(DAC), distributed amplifiers (DAs), power DAC, segmented
DAC, SiGe BiCMOS.

I. INTRODUCTION

T IS expected that global IP traffic will reach zettabytes
levels by 2017, with an annual growth rate of over 20%
[1]. To satisfy the market demands and make optimal use of
the available channel bandwidth, future optical transceivers
must allow for adjustable data rates and modulation formats,
including multi-carrier orthogonal frequency division multi-
plexing (OFDM). Such software-defined optical transceivers
have recently been proposed [2]-[4] in order to optimize net-
work capacity by dynamically adapting to account for channel
impairments and transmitter and receiver nonidealities.
Today’s most advanced 110-Gb/s optical transmitters consist
of large digital signal processor (DSP) engines feeding high-

Manuscript received April 09, 2015; revised August 26, 2015, November 29,
2015, and December 26, 2015; accepted December 29, 2015. Date of publi-
cation February 23, 2016; date of current version March 03, 2016. This work
was supported by the Ciena Corporation. This paper is an expanded paper from
the IEEE MTT-S International Microwave Symposium, Montreal, QC, Canada,
June 17-22, 2012.

A. Balteanu and S. P. Voinigescu are with the Edward S. Rogers Sr. Depart-
ment of Electrical and Computer Engineering, University of Toronto, Toronto,
ON, Canada M5S 3G4 (e-mail: balteanul @eecg.toronto.edu).

P. Schvan is with the Ciena Corporation, Ottawa, ON, Canada K2K 3C8.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2016.2525825

Mach-Zehnder
Modulator

Replace with Large
Swing DAC

DSP

Replace with Large
Swing DAC

Fig. 1. Traditional optical transmitter consisting of a DSP, DAC, and linear
amplifier driving a Mach—Zehnder modulator and the proposed implementation
that utilizes the large swing DAC (dashed box) discussed in this paper.

speed (HS) (56-60) GS/s nonreturn-to-zero (NRZ) digital-to-
analog converters (DACs) [S5]-[7], as shown in Fig. 1. Typically,
the relatively small (< 1 V,;, differential) DAC output signal is
boosted by a large-swing linear driver that can provide the high
(> 5 Vpp) voltages required by state of the art Mach—Zehnder
modulators [8], [9] to achieve adequate extinction ratios. Al-
though 1-2-V,;, drive CMOS-based photonics modulators have
been reported recently [10]-[13], they operate below 30 GBd.
Higher voltage drive (4-6 V) is needed by the fastest silicon
photonics modulators operating at or above 50 GBd [14].

The linear driver must operate with several dB of back-off in
order not to distort the DAC signal, resulting in poor transmitter
efficiency. Moreover, given the bandwidth and large voltage
swing requirements, the driver is often implemented in a III-V
technology [15], [16] leading to a multi-chip solution.

This work investigates possible solutions to integrate the
DAC and linear amplifier into a saturated large swing power
DAC, as illustrated in Fig. 1, capable of providing the large
swing required to drive the optical modulator with the highest
efficiency. Although the proposed power DAC architecture
is technology agnostic, when implemented in 55-nm SiGe
BiCMOS or sub-40-nm silicon-on-insulator (SOI) CMOS
technologies, integration of the DSP also becomes feasible.
With over 50-GHz output bandwidth, such a single-chip fully
digital large swing transmitter solution becomes very attractive
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Fig. 2. Example of: (a) single-sideband optical transmitter based on a tuned
power DAC and (b) example of a quadrature modulator for instrumentation ap-
plications.
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for future 400-Gb/s and 1-Tb/s systems because it would avoid
transferring terabytes of data between two chips.

The proposed power DAC architecture allows for adjustable
data rates and clock frequencies and can be applied to NRZ, 2 x
time interleaved [17] and tuned (i.e., carrier envelope modula-
tion) power DACs. As will be shown in this paper, the latter
can be used in single-sideband optical transmitters and in in-
strumentation, where complex modulated 1-60-GHz carriers
can be synthesized, as needed to test fifth-generation (5G) mil-
limeter-wave radio receivers operating at data rates of tens of gi-
gabit per second. Examples of both proposed implementations
are shown in Fig. 2.

The first version of this DAC architecture was presented in
[19]. The input driver, the clock distribution path, and the output
binary to phase-shift keying (BPSK) stages, have been modi-
fied to extend the bandwidth. Medium voltage (MV) devices in
a common base configuration were added to the output stage,
which increased the maximum output swing from 4 Vg, in [19]
to 6.4 Vp, differential.

The proposed DAC architecture is introduced in Section II,
which is followed by a detailed description of the design
considerations and the transistor level implementation in
Sections III and IV. The production 130-nm SiGe BiCMOS
technology used to manufacture the chip is reviewed in
Section V, while the experimental results are summarized in
Section VI.

II. PROPOSED DAC ARCHITECTURE

Traditional HS DACs feature a lumped output stage, which
typically limits the output voltage swing to less than 1-V,, dif-
ferential and/or the output bandwidth to less than 30 GHz [5],
[6]. For larger output bandwidths, analog mixing and filtering of
lower bandwidth DACs has been suggested [19]. Alternatively,
as proposed in [18], an entirely distributed DAC architecture can
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Fig. 3. Schematic of the distributed seven-stage DAC.
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Fig. 4. Three possible topologies for the output stage in each cell: (a) current
steering for NRZ DAC, (b) multiplexer for time-interleaved DAC, and (¢) BPSK
modulator for clocked envelope DAC.

be used to simultaneously extend both the output bandwidth and
the output voltage swing of the DAC. Recently, a distributed
output transmission line was employed as the output summer
in a time-interleaved 100-GS/s DAC with 400-mV,, differen-
tial output swing manufactured in 28-nm LP CMOS [17]. How-
ever, most likely because of the thin dielectric and thin metal
back-end, the output bandwidth remained below 20 GHz [17].

If the distributed DAC consists of 2¢ — 1 identical cells, as
illustrated in Fig. 3, full segmentation of the ¢ most significant
bits (MSBs) is achieved by default. To minimize glitch energy
when the MSB’s switch, ¢ should be as large as possible, ideally
equal to n, allowing for full segmentation of the n-bit DAC. In
practical cases, ¢ is limited to 2-3. If i = 4, the DAC will have
15 cells, which makes it impractical for integration in silicon
due to the large die size and prohibitive loss along the output
transmission line [20]. To further increase the bit resolution of
the DAC to n = 2i, each DAC cell can be realized as two cur-
rent steering stages [see Fig. 4(a)] in a 2¢ : 1 ratio, each driven
by independent data streams and connected in parallel at the
output nodes. Again, full segmentation of the i least significant
bits (LSBs) is a default benefit of the distributed topology. For
example, if n = 6 and ¢ = 3, the resulting 6-bit distributed
DAC will have seven cells and each cell will feature two cur-
rent steering stages with a transistor and tail current ratio of 8:1.
The three MSBs and three LSBs will be segmented and 14 in-
dependent data paths will be required, all synchronized by the
same full rate sampling clock applied at the input of the dis-
tributed DAC. Even higher resolution, for example, 9 bits, could
be achieved, if a third properly scaled current steering output
stage (in a 1:64 ratio with the MSB stage) would be added to
each DAC cell.

Since the distributed DAC cells operate in switching mode,
as long as the clock signal is large enough to saturate the current
steering stages in all DAC cells, the frequency response of the
input transmission line does not need to be constant as a func-
tion of frequency. Only the frequency response of the output
transmission line needs to be flat and with minimal group-delay
variation.



BALTEANU et al.: 6-bit SEGMENTED DAC ARCHITECTURE WITH UP TO 56-GHz SAMPLING CLOCK AND 6-V;,, DIFFERENTIAL SWING 883

It should be noted that each DAC cell can operate equally
well in linear mode and in saturated power mode, with max-
imum efficiency, as in an HS current-steering output driver. De-
pending on the topology of the current-steering stages in each
DAC cell, as shown in Fig. 4, NRZ, NRZ time-interleaved [21],
and broadband saturated power DACs for carrier envelope mod-
ulation [18] can be implemented.

Unlike the first two, the circuit in Fig. 4(c) has the added
benefit that the output dc level and the output impedance re-
main constant, irrespective of the digital word. In all cases the
input transmission line is used to distribute the clock to each cell,
while the output transmission line acts as broadband summer for
the output currents of the current-steering cells and also ensures
that output matching is achieved over the broadest possible fre-
quency range.

III. TRANSMISSION-LINE DESIGN FOR THE DISTRIBUTED DAC

As in a traditional distributed amplifier (DA), the cutoff fre-
quency (f.) of the artificial transmission line is given by

fe = min (

SR ) M
ﬂ\/LinCin 7"'\/Lout Cout
where C, and C,y; are the equivalent input and output ca-
pacitances of each cell, and L;, and L., are the equivalent
inductances of the input and output transmission-line sections
of length /. For a given transistor technology and output stage
topology of the DAC cell, the minimum value for Cyy is de-
termined by the size of the output device used, which, in turn,
is determined by the output voltage swing. The maximum value
for Ly, will be set by the bandwidth requirement and by the
characteristic impedance of the transmission line, given by

/Ly [ L
Zo — in _ out
Cin C'ou‘n

and is typically 50 € for both lines, although the input line
impedance could be different. As noted in [22], each segment
of transmission line has an inherent delay (¢4) associated with
it equal to

2

tq = \/LinCin = \/Loutcout- (3)

For example, if Coyy = 100 fF and Zy = 50 Q, then Loy =
250 pH, f. = 71 GHz and ¢4 = 4.46 ps. Therefore, in order for
the signals from each cell to be summed together correctly at
the DAC output, the data paths for MSB,, and L.SB,, associated
with the nth cell must be delayed by ¢4 with respect to those of
the preceding stage. This is typically implemented in the DSP
engine. However, the presence of the retiming flip-flops in the
data paths of each cell can relax this requirement. A delay mis-
match between the data lanes of up to half the clock period can
be corrected by the retiming function of the flip-flops.

As already mentioned, the frequency-dependent loss along
the output transmission line is an inherent limitation of the dis-
tributed power DAC architecture and it becomes more severe
with increasing frequency. In a traditional DA, which operates
in linear mode, the sum of the input and output transmission line
losses encountered by the signal as it is distributed to each cell
and collected at the output load is identical for each cell in the
amplifier. The same applies for a distributed DAC operating in
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Fig. 5. Proposed structure for the DAC cell.

linear mode. However, since the DAC is designed to operate in
limiting mode, the output current from cells closer to the input
will reach the output load with higher attenuation than the cur-
rents from those cells closer to the output. For example, in the
seven-cell DAC discussed earlier, the contribution to the output
voltage swing due to the current of the MSB associated with the
first DAC cell will be attenuated by 6 x I X « (f) dB (where «
(f) is the loss of the output line in dB/mm) compared to that of
the MSB associated with the seventh DAC cell. This systematic
integral nonlinearity (INL) and differential nonlinearity (DNL)
error increases with the clock (carrier) frequency and can only
be compensated from the LSBs. The backend of the technology
will also play a significant role in reducing it. For example, if
the output transmission-line loss is 0.1 dB/mm at 10 GHz and
0.4 dB/mm at 40 GHz, and the output transmission-line section
length is 0.5 mm, the difference between the first cell and last
cell MSBs is 0.3 and 1.2 dB, at 10 and 40 GHz, respectively.
If not compensated with LSBs, the latter reduces the effective
resolution of the saturated power DAC at 40 GHz to less than
3 bits.

The following sections will focus on the implementation of a
broadband power DAC for carrier envelope modulation.

IV. TRANSISTOR-LEVEL IMPLEMENTATION

In order to achieve 3 V,, per side in matched on-chip and
off-chip 50-Q2 loads, the total output current must be at least
120 mA. Therefore, each of the seven DAC cells must provide
a total output current of at least 17.2 mA. At the output of each
2-bit DAC cell shown in Fig. 5 are two direct binary phase-shift
keying (BPSK) modulators, one for the MSB and one for the
LSB. They are 8:1 scaled versions of each other, each driven
by a retimed data path, which ensures synchronicity of all the
data paths, thus minimizing glitches during data transitions. The
tail current of the MSB output stage was set to 16 mA and that
of the LSB stage to 2 mA, allowing each DAC cell to provide
18 mA to the output transmission line for a total of 126 mA.

Once the data are retimed by the flip-flop, they must pass
through two limiting differential inverters, which amplify the
signal while simultaneously minimizing the clock feedthrough
to the BPSK modulator.

Since the input clock signal has 50-60-GHz bandwidth and
may be provided to the chip in single-ended fashion, a lumped
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Fig. 6. Schematic of the BPSK modulator. MOSFET gate widths and HBT
emitter lengths are provided in the inset. All HBTs have 0.13-pm emitter
width and, unless otherwise stated, all MOSFETs have minimum gate length
of 0.13 pm.

preamplifier with very good common-mode rejection up to at
least 50 GHz must be placed at the input of the DAC.

Although the proposed DAC cell can be ported to various
silicon and III-V technologies, the following sections will de-
tail its implementation in a production 0.13-zm SiGe BiCMOS
technology whose characteristics will be discussed in Section V.
More recent work on DAs [23] manufactured in a prototype
55-nm SiGe BiCMOS technology [24] indicates that the pro-
posed DAC architecture is scalable in future technology nodes
and to systems operating at over 100 GBd with aggregate data
rates exceeding 1 Tb/s per carrier [25].

It is important to note that most of the bias current in this
architecture is consumed on the retiming data path and less than
13% of'the current per DAC cell contributes to the output swing.
Moving to a more advanced technology node such as the 55-nm
SiGe BiCMOS technology [24] would allow the retiming data
path to operate at a larger fan-out for the same data rate, thus
reducing the power consumption. The output power of the DAC
output stage remains the same for the same output swing, but at
a given data rate, the proportion of power consumption due to
the digital lanes would be considerably reduced.

A. BPSK Output Stages

The BPSK modulator, Fig. 6, is implemented using a double-
balanced Gilbert cell, which maintains a constant dc level at
each output of the cell and constant output impedance regard-
less of the digital word. Gilbert-cell topologies have been tradi-
tionally used in lumped and distributed variable gain amplifiers
and equalizers [26]. The clock/carrier, which is the highest fre-
quency signal in the DAC, is applied at the gates of the MOS
transconductors, while the data bits are applied at to the HBT
Gilbert-cell quad. The fundamental frequency of the data path
signals is at most half of the carrier/clock frequency, therefore it
is advantageous for the carrier/clock signal to drive the smaller
load offered by one MOS gate versus two HBT bases.

In order to achieve the highest possible bandwidth, the tran-
sistor sizes are chosen such that the drain/collector current den-
sity reaches the peak-fr current density (Jper) for MOSFETS,
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Fig. 7. Inverter and EF composite stage used to drive the BPSK modulators. All
HBTSs have 0.13-pm emitter width and, unless otherwise stated, all MOSFETs
have minimum gate length of 0.13 pm.

and 1.5 x Jper for HBTs, respectively, when all the tail current is
switched to one side [27]. For example, when Clk,, is high, the
entire tail current flows through My, biasing it at 0.33 mA /pm,
close to its Jper -MOS [27]. If Datay, is also high, the tail current
will then flow through @2 and Qg biasing them at 20 mA /m?
(or 2 mA/pm of emitter length), which corresponds to 1.5 times
the measured Jprr of the HBT [29].

An improvement over the implementation in [18] is the
addition of common base transistors (J5 and (Jg, which allow
for larger output swing while also providing higher output
impedance and higher spurious-free dynamic range (SFDR).
All HBTs are low-breakdown voltage (BVecro = 1.6 V)
HS devices. The use of MV HBTs for ()5 and (J§ was also
investigated in order to further increase the output swing as
in [30]. However, it was found that while they allowed for a
higher output swing, the DAC bandwidth decreased by more
than 33%. This is due to their lower fr of only 150 GHz and
their approximately three times smaller peak- f1 current density
[29]. The latter leads to increased device size, higher output
capacitance, and, therefore, lower bandwidth.

In order to ensure a precise process- and strain-independent
1:8 ratio between the tail currents of the MSB and LSB modula-
tors, 8 M3s—M, units were connected in parallel in the MSB cell
and their gate length was set to 0.18 pm, larger than the 0.13-pm
minimum, in order to increase their output impedance. While
a larger gate length for M3 and M, would improve matching,
this would require larger MOSFET devices, which would in-
crease its output capacitance. The 500-fF capacitors are used for
bias decoupling and formed with polysilicon capacitors because
the preferred metal—insulator—-metal (MIM) capacitors could not
satisfy layer density rules in a tightly packed area of the layout.

B. Clock Amplifier

In order to reduce timing mismatches, both BPSK modulators
are driven by the same clock signal provided by the cascaded
differential inverter/emitter—follower (INV/EF) stages shown in
Fig. 7. A minimum signal amplitude of 500 mV,, per side is
needed to fully switch the MOSFETs in the BPSK modulator.

The emitter—follower (EF) stage is important for providing
the proper dc level to the BPSK modulator. However, since its
voltage gain is only 0.6 V/V at 60 GHz, the preceding inverter
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is designed to have over 900-mV output logic swing to ensure
a minimum of 500-mV swing at the gates of M; and M,. Re-
sistors were used instead of current sources in the EF stage in
order to reduce the parasitic capacitance seen at the output node
and prevent oscillation. The 20-pH inductor represents para-
sitic layout interconnects and must be accurately modeled. As
mentioned previously, the HBTs were biased at 0.75 X Jyer
when in equilibrium, and sized accordingly. All stages employ
shunt-peaking inductors for bandwidth extension.

The MOS-HBT cascode buffer illustrated in Fig. 8 was placed
at the input of each DAC cell. When compared to an HBT
cascode with the same tail current, it offers a higher @ input
impedance with a smaller input capacitance, which results in
higher 3-dB frequency and lower loss for the input transmis-
sion line. Additionally, the MOS-HBT differential cascode of-
fers better stability than an HBT-only cascode [27].

Double EFs were placed after the BICMOS cascode to further
increase the bandwidth as well as provide the proper dc level
shifting for the subsequent stage.

C. Data Path

The inputs of the MSB and LSB data paths consist of two
cascaded differential amplifiers, which provide single-ended
to differential conversion and input matching. The schematic
is shown in Fig. 9. In order to provide broadband 50-Q
matching, 50-() resistors in series with 70-pH inductors were
placed at the input. The logic swing was set to 300 mV,,, per
side. In order to reduce the number of pads, only one side of
the buffer is driven externally while the other is left floating.
Each data lane has several cascaded buffers at its input that
provide sufficient common-mode rejection, even at 56 Gb/s,
such that a balanced differential signal reaches the retiming
flip-flop in each lane.

The differential inverters are followed by the retiming flip-
flop, which uses the BICMOS topology shown in Fig. 10. The
LSB flipflop employs two 2-mA latches while the MSB one uses
a scaled 6-mA latch followed by an 8-mA latch. The size scaling
was needed to limit the fanout and maximize bandwidth of the
MSB path, given the large load provided by the 16-mA BSPK
modulator.

2.5V

50 Q

70 pH

Vbiasigate

2x0.5 pF:

Fig. 9. Schematic of the 50-2 buffer used at the input of the data path.
Only one side of the buffer is driven externally while the other is left
floating.
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Fig. 10. Retiming latch schematic with the associated device sizes. All HBTs
have of 0.13-pm emitter width.

Two buffers were inserted after the flip-flops to eliminate
clock feedthrough, as in [6], and to amplify the signal to 480
mVy,, per side at the data input of the BPKS modulator. A
common mode resistor to Vpp is used to reduce the output
common mode level to 2 V and avoid breakdown of the MOS
transistors in the modulator. The delay between the two LSB and
MSB data paths in each cell was carefully monitored in simu-
lations during the design phase to ensure that two synchronized
data signals arrive at the output of the BSPK cells. The synchro-
nization of the two data paths can be further improved with the
addition of programmable delay elements.
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D. Lumped Input Amplifier

The distributed section of the DAC is preceded by a
three-stage lumped amplifier whose role is to amplify
the off-chip clock/carrier signal, provide input impedance
matching, and single-ended to differential conversion. The
schematic of the first two stages is reproduced in Fig. 11. The
first stage employs an HBT cascode and double EFs for band-
width extension [28], while the second stage uses a MOS-HBT
cascode topology and double EFs. A common-mode resistor
is introduced in series with the tail current source in order
to improve its output resistance and increase the common
mode rejection ration (CMRR) at high frequency. The output
capacitance of the current tail shunts its output resistance, thus
reducing the CMRR as the frequency increases, and can cause
oscillations in common mode. The series resistor helps suppress
the oscillation and improves the CMRR at millimeter-wave
frequencies. However, the resistor introduces an additional dc
drop, as well as its own capacitance, thus limiting the size of
resistance value that can be used.

The third amplifier stage in the chain is reproduced, as shown
in Fig. 12. Once again, a composite INV-EF topology is em-
ployed. Normally, the output signal would be taken directly at
the emitter of the HBT. However, in order to present a 50-2
impedance to the DA, a series resistor was introduced in series
with the output. The first two stages of the lumped amplifier are
provide sufficient CMRR, thus a resistor in series with the tail
current source is no longer needed in the third stage, which helps
save voltage headroom.

V. TECHNOLOGY AND FABRICATION

The circuit was manufactured in a production 130-nm SiGe
BiCMOS process with SiGe HBT fr/ fumax of 240/270 GHz,
six metal layers, MIM capacitors, and polysilicon resistors. The
top two copper layers are 3 gum thick with 7-m€2/0] sheet resis-
tance [29]. A detailed diagram of the back-end cross section can
be seen in [31]. The microphotograph of the 3.1 x 1.8 mm? die
is shown in Fig. 13. A more detailed micrograph of one of the
DAC stages is shown in Fig. 14. When operating at peak output
power, the DAC consumes 1.58 A from 2.5 V, 152 mA from
3.3V, and 126 mA from 5.7-V supplies for a total of 5.2 W.

Several considerations were taken into account when de-
signing the transmission line used in the distributed section of

Fig. 12. Schematics of the INV/EF pair that drives the DA. All HBTs have
0.13-zm emitter width and, unless otherwise stated, all MOSFETs have min-
imum gate length of 0.13 pm.

Fig. 13. Micrograph of the 3.1 x 1.8 mm?® DAC chip fabricated in a 0.13-um
SiGe BiCMOS technology.

Fig. 14. Micrograph of an individual DAC stage.

the DAC. The 4-pm minimum width of the transmission line
was imposed by the electron migration rules. Similarly, the
minimum length of the transmission-line section used between
cells was dictated by the physical length of the layout of the
DAC cell. In order to decrease the transmission-line segment
length and its associated inductance, the first two inverters in
the data paths were place on the outside of the input and output
transmission lines, as illustrated in Fig. 15. The corresponding
minimum transmission-line segment length is 660 pm. Placing
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Fig. 15. Possible implementations of inter-stage transmission line layout.
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Fig. 16. Depiction of two adjacent transmission lines.

the entire data path on the outside of the transmission lines,
and the BPSK modulators on the inside, would have resulted
in a smaller minimum segment length of 350 pxm. However,
this would increase the physical distance between the retiming
flip-flops and their respective clock amplifiers, which would
require an increase in the tail current and power consumption
of the clock amplifier stages to compensate for the longer
interconnect and its associated loss. The 350-pm segment
would indicate less coupling between the adjacent input and
output transmission lines due to the shorter distance they travel
together. However, in order to distribute the clock signal to the
flip-flops, the shorter line would have to cross the clock signal
one additional time versus the longer line, as well as cross
the retimed data, which would result in additional coupling,
making the 660-pm line preferable.

The inter-stage transmission lines were implemented using
the top 6th metal (M6) over a ground plane formed using
the third metal layer (M3), which is 7.5 pm below. Power
supply, biasing currents, and control lines were passed between
grounded M1 and M3 shields, using the second metal layer. A
cross section is shown in Fig. 16. The center-to-center distance
between the adjacent input and output transmission lines is
40 pm and includes a 5-pm-wide section in which metals 3—6
are shunted to ground to improve isolation.

The 660-pm-long 5-pm-wide transmission-line segment
used between stages has a simulated loss of 0.35 dB at
70 GHz and a characteristic impedance of 69.3 €}. The simu-
lated attenuation constant («) in Fig. 17 is in perfect agreement
with measurements reported in [32] for this technology.

The simulated isolation between physically adjacent trans-
mission lines is shown in Fig. 18 and is better than 10 dB up
to 60 GHz. The isolation puts an upper limit on the gain each
cell in order to avoid oscillations. While the transmission lines
are the main source of coupling between the input and output,
layout parasitics provide additional feedback paths. As a rule
of thumb, the isolation should be at least 10 dB higher than the

> Width =5 nm
I =oum
0.6 Z =69.3Q
0.5 E T
/g 04 Metal 6 13 m
~ ’.‘
% 0.3 ” o
3 0.2 7.5 um
0.1 Metal 3
0.0

0 10 20 30 40 50 60 70 80 90
Frequency (GHz)

100

Fig. 17. Simulated attenuation constant of a 5-pm-wide transmission line
formed of Metal 6 over a Metal 3 ground plane.
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Fig. 18. Isolation between physically adjacent transmission lines.
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Fig. 19. Ssy measurements for all 2'* states as a function of DAC output fre-
quency.

gain from the input to the output to avoid oscillations. However,
measurements of the DAC S5 show that these isolations simu-
lations are much too pessimistic, as is discussed in Section VI.

VI. EXPERIMENTAL RESULTS

All measurements were conducted on wafer in a 50-Q2 en-
vironment. The setup, consisting of an Agilent N5227 PNA,
1-mm cables, and dc-110 GHz probes, was calibrated down to
the probe tips using line-reflect-reflect—match (LRRM) cali-
bration on an impedance standard substrate (ISS). S-parameter
measurements, performed over all 2'* states, show a peak gain
of 31.8 dB and a unity gain bandwidth larger than 60 GHz, as
illustrated in Fig. 19. Port 1 is defined as the clock input, while
port 2 is the DAC output.



888 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 64, NO. 3, MARCH 2016

s,, (dB)

6% 10 20 30 40 50 60

Frequency (GHz)

Fig. 20. Measured small-signal clock input return loss (S;1) for all 2™ — 1
digital words.
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Fig. 21. Measured small-signal DAC output return loss (Ss2) over all 2% — 1
digital words.

The input (S11) and output (Sa2) return loss are plotted in
Figs. 20 and 21, respectively. Both are better than —10 dB up to
50 GHz. The lumped input amplifier provides sufficient isola-
tion to make the input matching insensitive to the digital word
settings. Similarly, only a small variation in output matching
(Sa2) is observed over bit settings, confirming that the output
impedance of each stage does not change with the digital word.
The measured DAC S14 is better than —44 dB up to 60 GHz.
It appears that the simulated coupling between the transmission
lines shown in Fig. 18 is too pessimistic.

Since the DAC is meant to operate in saturated mode, a
better measure of its performance is the output power (FPoyy).
Saturated output power measurements performed over all 2™
states, show in Fig. 22 that the DAC can produce 14.5 dBm per
side (17.5-dBm differential) up to 40 GHz. This corresponds to
3.36 V;, swing per side, for a 50-) load.

The dynamic range was calculated from both small- and
large-signal measurements and plotted in Fig. 23. The theo-
retical large-signal dynamic range, in this case defined as the
largest carrier power that could be transmitted to the leakage
power of the clock/carrier signal when the digital word is set
to 000000, is 20log,, (63/1) = —36 dB. The measurements
deviate from this theoretical value due to several factors such
as coupling between the input and output transmission line,
mismatches in the tail currents of the BPSK stages and fre-
quency-dependent loss in the output transmission line. At high

0 10 20 320 40 50 60
Frequency (GHz)

Fig. 22. Measured saturated output power of the DAC for all 2'* states as a
function of DAC output frequency.
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Fig. 23. Measured static dynamic range using both small- and large-signal
measurements.
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Fig. 24. Measured static DNL at various clock frequencies.

frequencies, the small-signal dynamic range becomes inaccu-
rate due to the limited PNA sensitivity coupled with the low
values of Sa; of the clock path and decreased |Sq5| matching.

The segmentation of the LSB and MSB allows for 2** pos-
sible states to choose from to provide the best possible 2° digital
words. The best combination of segments for each digital word
was used to “calibrate” the DAC to obtain the best performance
for each carrier/clock frequency. The measured DNL and INL
at different carrier frequencies are shown in Figs. 24 and 25, re-
spectively.

Large-signal measurements of the DAC were performed
using an Anritsu MP1800A signal quality analyzer with an
MPI18121A 56-Gb/s MUX to create two high-speed PRBS7
data bits. Another two PRBS7 signals were obtained using a
Centellax OTB1P1A board. Two MSBs and two LSBs were
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Fig. 25. Measured static INL at various clock frequencies.
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Fig. 26. Single-ended 44-Gb/s output eye diagram (bottom) with 2 MSBs
switching at 44 Gb/s. Cable and probe losses were not de-embedded.
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Fig. 27. Measured 45-GHz carrier (bottom) modulated over nine amplitude
levels, sufficient for 128-QAM radio. Cable and probe losses were not de-em-
bedded.

provided to the chip through HS probes at data rates up to
50 Gb/s, whereas the other five MSBs and five LSBs were
controlled by lower speed (< 2.5 Gb/s) data streams. Since the
two bit error rate testers (BERTs) and digital signal analyzer
(DSA) could not be synchronized with the same low-noise
millimeter-wave signal source, their drift causes additional
jitter in the observed eye diagrams.

The output eye diagram is shown Fig. 26 when two MSBs are
independently switching at 44 Gb/s The input signal to one of
the MSBs is shown at the top, while the 2-bit 44-Gb/s output
signal is shown at the bottom. The signal attenuation due to
probe and cable losses is not de-embedded from the output.

In Figs. 27 and 28, all seven MSBs and some LSBs were pro-
grammed to switch at 100 Mb/s to synthesize 45- and 56-GHz

eo;":c;diviwhww

Output '
200 mV/di

2 ps/div
-—

2 3

Fig. 28. Measured 56-GHz carrier (bottom) modulated over six amplitude
levels, sufficient for 64-QAM radio. Cable and probe losses were not de-em-
bedded.

-8043 434 43.8 442 446 45 454 458 46.2 46.6 47

Frequency (GHz)

Fig. 29. Measured spectra of a 45-GHz carrier with all seven MSBs switching
at 1-Gb/s cable and probe losses were not de-embedded. The resolution band-
width is 16 kHz.

TABLE 1
PERFORMANCE COMPARISON OF THE LARGE-SWING DAC
[5] [6] [33] [17] This Work
0.5 pm 130 nm
Technology 65 nm P 0.7 um 28 nm SiGe
CMOS HBT InP HBT | CMOS BiCMOS
fr/fuax NA 290/320 300/270 NA 240/270
Data Rata
(GS/s) 56 60 42 100 56
Sampling
Frequency 26.9 60 42 25 56
(GHz)
Max. Output
(V,, diff) 0.6 1 32 0.27 6.7
Resolution
(b 6 6 3 8 6
Power (W) 0.75 1.8 2 2.5 52
Area (mm?) 0.6x0.4 3x3 1.5%1.2 1.6x0.9 3.1x1.8

carriers modulated in amplitude showing more than 3 bits of ef-
fective resolution. In Fig. 29, the spectrum of a 45-GHz carrier
with seven MSBs switching at 1 GHz is shown.

VII. CONCLUSIONS

A novel large-swing distributed DAC-driver architecture was
introduced suitable for next-generation software-defined fiber-
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optic systems with high-order quadrature amplitude modula-
tion (QAM) and OFDM format. A proof-of-concept 6-bit im-
plementation in a commercial 130-nm SiGe BiCMOS process
has demonstrated 17.5-dBm output power (over 6-V,;, differen-
tial voltage swing in 50 £2) from dc to 40 GHz and over 13-dBm
output power at 50 GHz. Operation at 44 GBd (limited by test
equipment) and modulation of a 56-GHz carrier over six am-
plitude levels suggest that the DAC is suitable for 56-GBd sys-
tems with 64-QAM modulation. A comparison of the proposed
large-swing DAC with other recently published work is sum-
marized in Table 1.
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