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Abstract—A 40 nm CMOS digital-to-analog converter (DAC)
based multimode transmitter (MMTX) is presented. The trans-
mitter can be operated in either narrow- or wideband applica-
tions. It has a maximum 2.2 GHz signal bandwidth and exhibits
an in-band IM3 of less than 58 dBc. The MMTX consists
of a current-steering DAC with digital sinc equalization and
rolloff compensation. By implementing high-speed, feed-forward
pipelined digital logic and a distributed decoder, the DAC sam-
pling rate extends to 5 GHz. A distributed regulator approach
ensures preservation of the achieved wideband linearity in noisy
embedded SoC environments. The MMTX can deliver up to
+11 dBm of output power and exhibits 20 dB of analog power
backoff with 1 dB steps and a precision better than 0.1 dB. The
MMTX consumes only 375 mW and occupies 1.65 mm .

Index Terms—CMOS, current-steering, digital-to-analog con-
verter (DAC), high frequency, high speed, IM3, multimode
transmitter.

I. INTRODUCTION

T HE increasing demand for higher data rates in cable ap-
plications require the use of transmitters with signal band-

widths ranging from a few hundred megahertz up to the giga-
hertz order with a less than 50 dBc distortion floor.
Conventional homodyne transmitters [see Fig. 1(a)] can be

considered for the task, but they lack sufficient bandwidth. Re-
cent work [1] reports bandwidths in the order of few hundred
megahertz. Thus, using multiple conventional TXs in parallel is
required (e.g., [2]), as depicted in Fig. 1(b). This is unattractive
due to the prohibitively high power consumption and area re-
quired. Moreover such systems based on classical transmitters
are driven by an intricate LO system [2] and require dedicated
analog circuitry for the IQ mismatch calibration [1], [3].
A more attractive solution is the use of DAC-based transmit-

ters, as shown in the simplified block diagram of Fig. 1(c), [4].
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Fig. 1. Generic transmitter options. (a) Conventional homodyne transmitter
(“Classical” TX). (b) Wideband transmitter based on multiple conventional ho-
modyne TX slices. (c) DAC-based wideband transmitter.

When compared to a conventional homodyne TX, no additional
analog circuitry is required to compensate for I/Q imbalance,
since complex signal processing is done in the digital domain.
Moreover a much simpler PLL is required, since for a DAC
based-TX the main frequency that needs to be generated (i.e.,
DAC sampling frequency, ) is a fixed frequency as opposed
to a frequency range for a conventional homodyne TX.
Recent works, [5], have showed encouraging performance of

such systems even for narrowband wireless applications. Also,
there are publications focusing on DACs used in wireline ap-
plications employing signal bandwidths up to or about 1 GHz
[6]–[9].
Given our application requirements, our main target is the

design of a multimode transmitter (MMTX) based on a high
speed DAC that employs a maximum signal bandwidth of more
than 2 GHz. The main challenges in designing the multimode
wideband transmitter are achieving the high DAC sampling fre-
quency , while still maintaining high in-band linearity and
low spur levels.
Section II reveals the implemented DAC-based MMTX.

Further on, Section III focuses on the specially designed
high-speed, feed-forward pipelined digital logic that enabled

0018-9200/$31.00 © 2013 IEEE
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Fig. 2. MMTX block diagram.

the 5 GS/s TXDAC sampling rate, while Section IV describes
the optimizations on the MMTX decoder that extended the TX
signal bandwidth beyond 2 GHz with an in-band IM3 of less
than 58 dBc. In Section V the MMTX analog power backoff
feature is detailed. The MMTX is employed in an Outdoor Unit
for satellite to demonstrate its capabilities as a transmitter in
truly wideband applications in Section VI. Finally, Section VII
presents the resulting measurements, followed by conclusions.

II. DAC-BASED TRANSMITTER

The implemented DAC-based MMTX is presented in Fig. 2.
The MMTX consists of a 9-bit 5 GS/s current-steering TXDAC
with digital sinc equalization and rolloff compensation, and an
external image reject band pass filter. Since complex signal pro-
cessing is done in the digital domain, no additional analog cir-
cuitry is required to compensate for I/Q imbalance.
Given the limited speed of the digital backend, the TXDAC

also embeds a specially designed high-speed digital interface to
serialize the 625 MHz input digital data stream and feed it to its
decoder clocked at 5 GHz, as detailed in Section III.
In order to avoid nonmonotonicity and to reduce glitch en-

ergy, the first 6 MSBs of the 9-bit TXDAC high-speed dig-
ital interface output are fed to a thermometric decoder. More-
over, to achieve the high frequency of operation, a special dis-
tributed decoder was design, as detailed in Section IV. Therein
is also revealed how the TXDAC decoder output is then con-
ditioned through the final latch circuit to drive optimally the
analog current source cells such as the high in-band linearity
is maintained up to high frequencies; also, the reason for which
all the TXDAC digital circuitry is placed under internal LDOs
is exposed.
Given the 6-bit thermometric decoding, the TXDAC core

consists of 66 current source cells (i.e., 63 MSBs and 3 LSBs).
The high linearity constraints impose the usage of a class-A cur-
rent steering cell based on the design from Fig. 3, which was an-
alyzed in depth in [6]. Depending on the input differential drive
(i.e., Vp–Vn) the current is steered either left or right. To
improve the high-frequency linearity, the current source cells
use the currents to keep the cascodes always on [6].
The total amount of current from the 66 analog cells sums to

75 mA. Hence, the TXDAC is able to deliver up to dBm
into the load, thus relinquishing the need for an internal power
amplifier driver, relative to [1]. Moreover, the TXDAC can reg-
ulate its output power by scaling its bias current with a range of

Fig. 3. Current source cell schematic.

20 dB in steps of 1 dB with a precision better than 0.1 dB, as
detailed in Section V. In order to enable the transmitter’s wide-
band operation, the TXDAC embeds an internal termination re-
sistor (e.g., 75 for coax cable applications) placed in between
its differential outputs. The TXDAC current cells are supplied
from 2.5 V through external RF chokes, as shown in Fig. 3.
The key element in the TXDAC analog current cells design

is the sizing of the elementary current source. As for any DAC,
a too small current source size leads to large INL/DNL due to
the intrinsic process variations mismatch effects in-between
the 66 current sources. A poor DAC linearity performance
at low frequency will inherently produce a worsening DAC
linearity at high frequency. Nevertheless, by increasing the
current source size to lower the INL/DNL the high frequency
linearity is affected, as explained in-depth in [6]. Hence the
elementary current source is the result of the tradeoff be-
tween the INL/DNL and the high frequency linearity. From
our simulations, by sizing the current sources to achieve an
INL/DNL performance corresponding to a true 9-bit DAC (i.e.,
INL 0.5 LSB and DNL 1 LSB) is enough to ensure an
intrinsic DAC IM3 below 60 dBc at 2 GHz.
Finally, as the envisaged useful signal bandwidth spans very

close to the DAC Nyquist frequency, the MMTX needs to ac-
count an image reject filter after the load resistors. The filtering
characteristic is set by the envisaged application; Section VI de-
tails such an off-chip SMD image rejection filter for a satellite
outdoor unit application.
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Fig. 4. High speed digital interface block diagram.

III. HIGH-SPEED DIGITAL INTERFACE DESIGN

The digital backend speed is typically limited to a few hun-
dred megahertz. In this case, it delivers the TX data over eight
9-bit channels, each running at (i.e., 625 MHz). These
low-frequency data streams must be serialized by the digital in-
terface to one 9-bit 5 GS/s stream that drives the TX decoder
(see Fig. 2).
To solve this bottleneck for high-frequency TX operation, a

feed-forward 8-to-1 CMOS scan-FF based serializer was devel-
oped. The serializer block schematic is depicted in Fig. 4. The
scan-FF behaves like a normal D-FF when its “te” input is low.
For “te” high, the FF takes its data from the “ti” input instead of
the “D” input. Hence, by using this optimized digital standard
cell, there is no need for any additional glue logic in-between
the chain of 9-bit registers from Fig. 4.
Moreover, given the feed-forward structure of the serializer,

its operation is straightforward and does not require a controller
or precharging circuits. When the control clock is high,
the lower bank of registers is shifted to the right at a rate of ,
while the upper registers are loaded with incoming data at a rate
of .When the clock is low, the upper bank of registers
is shifted to the right. Thus, the implemented serializer power
consumption is only 8 mW and it occupies only 0.0015 mm .

IV. OPTIMIZING THE TXDAC DECODER FOR HIGH TX
SAMPLING FREQUENCY AND LINEAR RESPONSE

As mentioned in Section II, to avoid nonmonotonicity and
to reduce glitch energy, the 9-bit TXDAC uses thermometric
coding for the first 6 MSBs. Hence, the TXDAC core consists
of 66 current source cells (see Fig. 3).
Two issues still need to be overcomewith respect to achieving

1) the TXDAC high sampling frequency while 2) maintaining
the high TX linearity.
First, there is a potential speed bottleneck at the interface be-

tween the decoder and current source cells, given that 66 DAC
cells have a total width of almost 1 mm due to the matching re-
quirements of their current sources.
Generally, in order to facilitate its intrinsic high operation fre-

quency, the TXDAC decoder is optimized for a compact layout.
Thus, its placement strains the load on its outputs, as
suggested by Fig. 5(a). The long interconnects will increase the
circuits power dissipation and will add additional delay, which
can potentially limit the maximum operation frequency.

Fig. 5. Decoder structures. (a) Lumped. (b) Distributed.

Fig. 6. TXDAC Decoder cell.

To minimize the interconnect length of the decoder outputs
and the associated delay limiting the maximum operating fre-
quency, a distributed decoder is created [see Fig. 5(b)]. Hence,
each TXDAC current cell is driven by its own dedicated de-
coder cell, which consists of the decode logic encapsulated in a
pipeline stage as depicted in the Fig. 6.
The distributed decoder cells do not drive directly the analog

current sources cells, as a special interface cell is required to
condition its digital output as detailed in the following section.
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Fig. 7. Final latch schematic.

Also the interface cell provides the final retiming to ensure the
66 DAC current sources switching is aligned properly.
Finally, by pipelining the 9-bit distributed decoder input, the

5 GHz sampling frequency is achieved. The approach described
in this section can be used to achieve even higher sampling fre-
quencies, the asymptotical limit being set by the delay of the
combinational logic from Fig. 6 pipeline stage.
The number of pipeline stages for the 9-bit input can be min-

imized if proper layout techniques are used. This translates to
minimizing the overall interconnect resistance and parasitic ca-
pacitance by routing with thick top metals through a clean en-
vironment (e.g., limited exposure of the routing to adjacent or
bottom interconnects).
Second, there is a requirement for a highly linear TX opera-

tion and because of this, special measures need to be taken given
its high operation frequency as described later in this section.

A. Optimal Interface to the Analog Cells

As mentioned, to every analog current source cell, a dedi-
cated corresponding digital decoder cell was created. However,
a dedicated cell is required between the two in order to optimally
transition from the digital realm to the analog: the final retiming
flip-flop. The flip-flop comprises two custom made pseudo-dif-
ferential CMOS latches.
The final latch schematic is depicted in Fig. 7. The CMOS

implementation is preferred to the CML, given its lower power
consumption and the benefits of having the steepest transition
[6], [10]. The interface circuit is supplied at a nominal voltage
of 1 V by an internal linear regulator in order to overcome the
layout and package parasitics, as detailed further on.
First of all, the usage of this circuit was chosen given its ad-

vantage on conditioning the distributed decoder digital output
to drive the analog current cell switches. By properly sizing
the inverters, the optimal differential output signal trip point is
found, such that the MMTX linearity is maximized. For sizing
the inverters, the DAC linearity was assessed as a function of
the differential input trip point, which is determined by the in-
verters total channel width. It is obvious that in the case of a
low input signal trip point the DAC switches are off for a pe-
riod of time. This causes a signal dependent voltage spike on the
DAC switches source node which leads to a higher IM3. Oppo-
sitely, for a high input signal trip point both DAC switches are
on for a longer period of time than in the case of a balanced trip
point. Thus, a higher DAC IM3 is observed, since this causes
a signal dependent nulling of the DAC output voltage. There is
also a sweet spot where the IM3 is the lowest, in the case when

the input signal trip point is balanced in such a way the current
source current is switched fluently from one side to the other.
Moreover, this latch can directly drive the analog current cells

and the need of AC coupling capacitors is relinquished, min-
imizing the overall circuit area and enabling transmissions at
baseband frequencies as well.
Second of all, the interface cells are needed to provide a final

retiming of the data inputs ultimately driving the current source
cells. The purpose is to make all the DAC current source cells
switch at the same time, as any switching time mismatch pro-
duces additional distortion. This effect become more critical as
the signal frequency is higher.
But, due to the inherent process variations of the interface

cells devices, their switching speed mismatches and thus cre-
ates unwanted timing misalignment. To alleviate this issue and
lower the distortion, sufficiently large devices need to be used
when building the latch. The devices size is determined by the
amount of distortion allowed. Larger devices lead to higher latch
power consumption due to the extra capacitance and crowbar
current. Nevertheless, larger devices are required to lower the
distortion contribution of this mismatching effect to below the
distortion contribution of the finite output impedance of the cur-
rent source cells [6]. ThroughMonte Carlo transient simulations
the smallest latch size that meets this criteria is easily found. In
this way, the custom made latch, does not influence the distor-
tion behavior of the DAC.
Finally, the final flip-flop clock alignment is very important

as well. This is achieved by proper layout of the clock signal:
a thick top metal low resistance tree shaped routing ensures
all the final retiming circuits receive their clock at the same
time. From our simulations, the systematic error induced in the
latches switching time by the clock tree buffering and layout is
much smaller than the latches speedmismatch due to the process
variations.

B. Overcoming the Layout and Package Parasitics

Layout and package parasitics create supply impedances that
cause a signal-dependent ripple on the supplies. This reduces
the TX linearity by modulating the exact timing moment the
current cells switch, as depicted in Fig. 8(a). Therefore, the
TXDAC digital circuits driving the current cells are placed
under LDOs embedding high-Q decoupling capacitors on the
regulated voltage output. Given the pitch of the TXDAC cells,
there is the danger that a voltage drop across the long supply
lines creates an additional timing mismatch.
Hence, the solution is found by designing distributed LDO

cells out of its nMOS source follower (SF) with local decou-
pling capacitors [see Fig. 8(b)]. To keep the Fig. 8(b) readability,
only the final latch is shown to be supplied through an LDO. In
practice, all the DAC digital circuits are supplied by the internal
regulators.
Each source follower cell is placed as close as possible to

the decoder and current cells it is supplying, making the supply
connections short and identical for each cell. A side benefit is
that the cells are now shielded from other sources of supply
noise (e.g., noise generated by the RX and digital backend). A
separated sensing wire shorts the output of all of the LDO cells
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Fig. 8. (a) Supply impedances cause signal dependent ripple on the supply.
(b) Distributed LDO cells alleviate the layout and package parasitics effect.

Fig. 9. LDO error opamp driving an LDO source follower (SF) cell.

and is fed back to a telescopic error amplifier to close the voltage
regulation loop.
To optimize the circuits power consumption, the LDOs SF

cells are supplied at 1.2 V. This is enough to enable the SF
transistors to operate in saturation over the process, voltage and
temperature (PVT) variations. In order to ensure enough drive is
available for the SF gate, the LDO error amplifier uses the higher
2.5 V supply voltage, as shown in Fig. 9. This practice ensured
only 120 mW of power consumption for the digital blocks, in-
cluding the clock buffers.

Fig. 10. TXDAC floorplan.

Layout and package parasitics may pose similar problems
on the analog ground due to the extra impedances. By creating
a solid on-chip ground connection and by having a dedicated
ground plane in the package substrate, these extra impedance
effects are made negligible.
Finally, package and layout parasitics add additional resis-

tive and inductive components in series with the main DAC out-
puts: TXP and TXN. In order to minimize the additional on-chip
voltage swing due to the parasitic elements, the TXDAC termi-
nation resistor is placed on the die in-between TXP and TXN.
Thus, the circuit linearity is better maintained up to high fre-
quencies, while also the danger of running into over voltage is-
sues is removed.
The final TXDAC floorplan is presented in Fig. 10.

V. ANALOG POWER BACKOFF

Like for any transmit system there is also a requirement for
power-back off. Since our TX is based on a DACwe can backoff
the output power through the digital backend. Nevertheless this
is done at the expense of reducing the dynamic range. Hence,
the MMTX embeds the bias scheme of Fig. 11 that enables it
to regulate its output through the TXDAC current sources
bias current.
The TXDAC current sources bias current is obtained

by mirroring the TXDAC bias reference current, through
transistor M8. The analog power backoff is achieved by ad-
justing the width of transistor M8. The DAC output power can
be analog back off by 20 dB in steps of 1 dB.
The analog power backoff needs also to be accurate. First,

for proper biasing of the TXDAC current cell transistors, a bias
replica was created: transistors M9, M10, M11, and M12 from
Fig. 12 are replicas output cascode, the switching pair, the cur-
rent source cascode and the main current source from Fig. 3.
In order to preserve the accuracy of the current mirroring, the
M13 source follower is used to source the gate leakage current



1600 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 48, NO. 7, JULY 2013

Fig. 11. TXDAC Biasing block with embedded analog power-backoff feature.

Fig. 12. Application example: Satellite Outdoor Unit.

(about 1.5 mA) to all the DAC cells. Second, since the current
source cells have a total width of about 1 mm, in order to al-
leviate the gradients effect 66 distributed bias cells are created
as highlighted in Fig. 11; and these bias cells are placed in the
vicinity of their appropriate current sources.
As mentioned the TXDAC load is half internal (i.e., the ter-

mination resistor) and half external (e.g., the coax cable). Thus,
to maintain the TXDAC output power accuracy the biasing
strategy needs to ensure the proper tracking of the TXDAC
biasing currents with the inherent process, voltage and tempera-
ture variations of its load resistances characteristics. As a result
the biasing scheme is generating its reference current based
both on an internal on-chip poli-Si resistor, , as well as an
external off-chip resistor high accuracy resistor, . First,

is obtained as the ratio between the bandgap voltage, V ,
and ; thus it will exhibit the PVT variations of the poli-Si
resistors. Second, is obtained as the ratio between V
and ; this it will exhibit minimal variation. Since is the
sum of and it results it can counterbalance the process
variations of the TXDAC load resistances characteristics.
The generation concept together with the distributed bias

replica cells, determine a 0.1 dB TXDAC power backoff step
accuracy.

VI. APPLICATION EXAMPLE: SATELLITE OUTDOOR UNITS

Channel preselection SoCs in Satellite Outdoor Units (Sat.
ODUs) require a transmitter that employs a linear RF-band-
width larger than 1.2 GHz. A block diagram of anODU is shown
in Fig. 12. The total incoming RF signal, is first received and
downconverted to baseband to be conditioned by the receiver
analog front-end (RX AFE), such as the digital signal processor
(DSP) can select only the desired channels totaling a maximum
bandwidth of 1.2 GHz. This fits the satellite set-top box IF BW

TABLE I
SATELLITE ODU SIGNAL MAIN CHARACTERISTICS

Fig. 13. Satellite ODU external filter characteristic.

of 950 to 2150 MHz. The preselected channels in the ODU
are transmitted over coax-cable to the indoor set-top box for
final selection and demodulation. The ODU signal comprises 24
channels of 20 MHz each, the total signal peak-to-average ratio
(PAR) being about 15 dB. The TX SNDR requirement for each
of these 20 MHz channels is 38 dBc at the maximum channel
power of 20 dBm. The Sat. ODU application requirements are
summarized in Table I.
So far, for this application more than one transmitter is re-

quired plus their corresponding external filters. As can be seen
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Fig. 14. Die photo.

Fig. 15. (a) MMTX output spectrum for a 200 MHz tone. (b) MMTX IM3
versus frequency.

in Fig. 12, the MMTX covers the complete satellite IF band in
one go.
To ensure out-of-band spurs and DAC image signal filtering

an external band pass filter is placed at the DAC output on the
board. This external filter is implemented using low-cost SMD
components. Moreover, thanks to the usage of the MMTX, the
number of chips used in the ODU application is reduced when
compared to a conventional solution. Thus a few extra board
components required for the out-of-band spurs and the DAC

Fig. 16. (a) MMTX output spectrum for a narrow band multicarrier signal
(b) MMTX output spectrum for a wideband multicarrier signal with and without
digital sinc and rolloff compensation.

image filtering are relatively negligible in the cost of the total
solution.
The filter transfer characteristic is depicted in Fig. 13. The

band-pass filter exhibits about 1 dB insertion loss in its passband
centered between 950 to 2150 MHz. The filter offers more than
50 dB rejection at low frequencies to avoid corruption of either
DOCSIS or MoCA signals. At higher frequencies only limited
rejection is sufficient, since there the cable itself provides extra
attenuation due to its intrinsic characteristics. Only due to the
filter the DAC image signal is attenuated by at least 40 dB.

VII. MEASUREMENTS

The MMTX has been implemented in a 40-nm CMOS
process. Fig. 14 shows the die photo. The chip area is 1.65 mm ,
including the digital circuitry. All measurements are taken at
the MMTX output, before the external image rejection filter.
The sampling clock is set at 4968 MHz.
Fig. 15(a) shows the MMTX output spectrum for a 200 MHz

tone, confirming the low spur level due to the dedicated pseudo-
differential drive and distributed LDO approach. The highest
spur is at and is smaller than 70 dBc. Fig. 15(b) shows
the two-tone linearity versus signal frequency with 5 MHz tone
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TABLE II
MMTX PERFORMANCE SUMMARY AND COMPARISON

WITH SIMILAR WORKS

Fig. 17. MMTX analog power backoff. (a) Normalized TXDAC output power
versus PBO setting. (b) PBO step accuracy versus PBO setting.

spacing. The MMTX is achieving an IM3 of 58 dBc over a
2.2 GHz bandwidth.
In order to verify theMMTX can be used for both narrowband

andwidebandmultitone scenarios, we have performedmeasure-
ments for both cases. Through the digital backend, we have gen-
erated a signal made out of 23 CW that was fed to the DAC
input. In the first case the signal bandwidth was only 150 MHz,
while in the second the signal was spanning over 1.2 GHz, from
0.95 to 2.15 GHz. The measured MMTX output was shown
in Fig. 15(a) for the narrowband multitone signal, respectively,
in Fig. 16(b) for the wideband multitone signal. The measured
out-of-band SFDR is larger than 60 dBc, while the measured
in-band SDR is better than 50 dBc. In order to verify theMMTX
bandwidth flatness Fig. 16(b) shows the MMTX output mea-
sured with (top side) and without (bottom side) digital sinc and
rolloff compensation. Its bandwidth flatness is within 1 dB
when digital compensation is enabled.
The analog power backoff feature has been characterized in

Fig. 17. The MMTX can backoff 20 dB with a step of 1 dB and

the attenuation error is indeed within 0.1 dB. The TXDAC
consumes 375 mW with zero decibel backoff.

VIII. CONCLUSION

This paper presented a multimode DAC-based transmitter in
40 nm CMOS. Table II summarizes the MMTX performance
and compares it with other similar circuits.
The 5 GS/s MMTX sampling rate is achieved by designing

dedicated high-speed, feed-forward pipelined digital logic, and
distributing the decoder design. By distributing the digital cir-
cuit supply voltage regulators, the layout and package parasitics
influence is minimized. The transition from the digital input
data stream to the analog current cells is optimized by using
a pseudo-differential custom designed CMOS latch. Hence, the
TX signal bandwidth is extended beyond 2 GHz and an in-band
IM3 of less than 58 dBc is achieved, obsoleting the classical
homodyne wideband transmitters.
Since complex signal processing is done in the digital do-

main, no additional analog circuitry is required to compensate
for I/Q imbalance. While consuming only 375 mW, the MMTX
is able to output 11 dBm.
Finally, the measurements in Fig. 16 together with the

375 mW power consumption revealed that the presented
MMTX is suited for both narrow- and wideband cable ap-
plications: the in-band SDR is better than 50 dBc, while the
out-of-band SFDR is larger than 60 dBc.
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