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High-Power Digital Transmitters for Wireless
Infrastructure Applications (A Feasibility Study)

Robert J. Bootsman

Morteza S. Alavi

Abstract—Fully digital transmitters (DTXs) have the potential
of replacing analog-intensive transmitter (TX) line-ups in future
massive multiple-input and multiple-output (mMIMO) systems
since they hold the promise of higher system integration level and
energy efficiency. DTX operation so far has been limited to low
RF output powers. This article introduces a concept that enables
high-power DTX operation. A DTX demonstrator targeting both
high output power and high efficiency is realized as a proof of
concept. It is based on a custom Vy-shifted laterally-diffused
MOS (LDMOS) technology, which is utilized to implement a
segmented high-power output stage operated in class-BE. A low-
voltage high-speed 40-nm CMOS controller drives the individual
output stage segments at gigahertz rates. Measurements show
the promising results for the proposed high-power DTX concept
and provide valuable lessons for future DTX implementations.

Index Terms— Class-E, CMOS, digital predistortion (DPD),
digital transmitter (DTX), efficient, GaN, high-power RF,
laterally-diffused MOS (LDMOS), mixing power digital-to-
analog converter (DAC), polar.

I. INTRODUCTION

HE introduction of massive multiple-input and multiple-

output (mMIMO) communication systems has increased
the need for low-cost, highly integrated, and energy-efficient
transmitter (TX) line-ups. Unfortunately, today’s analog-
intensive TX architectures suffer from poor integration while
having severe linearity/efficiency tradeoffs. Moreover, their
standby power dissipation in low data traffic situations remains
high, which is a big concern given the operational costs
of mMIMO systems. Fully digital-TX (DTX) line-ups can,
in theory, provide lower standby power, improved integration,
higher functionality (e.g., independently controllable Doherty
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branches), and (re)configurability (e.g., changing operating
frequency or upconversion scheme without changing core
hardware) at reduced design logistics and costs. However,
DTX works published so far use almost exclusively advanced
high-speed CMOS/silicon on insulator (SOI) technologies with
low breakdown voltages for their active devices, limiting the
maximum achievable RF voltage and RF power. As a result,
all reported fully integrated DTX CMOS/SOI implementations
are limited to 2-3 W of peak RF output power [1], [2].
Furthermore, since CMOS/SOI technologies are optimized
for digital applications and have limitations in their active
devices and metal stack, they can only offer moderate drain
efficiencies, e.g., below 55% [2]. Hybrid DTX approaches,
using combinations of CMOS/SOI with a high-voltage/high-
power RF technology (e.g., laterally-diffused MOS (LDMOS)
or GaN), are less frequently reported. This approach yields
two main difficulties: first, to obtain a high enough gate—source
voltage swing to activate the (LDMOS/GaN) RF power device,
as an RF power technology is optimized for drain efficiency
and linearity, yielding a high threshold voltage (V7), and sec-
ond, to effectively switch their (very) large input capacitance
Cgs (typically tens of pF).

To avoid these difficulties, DTX hybrid approaches often
use an analog interface to drive the final output stage. For
example, in [3], a DTX is used to drive a common-gate
GaN power amplifier (PA) output stage in current mode,
which yields scaling limitations toward higher frequencies and
power levels (above 10 W becomes very challenging). Also,
digital-intensive implementations of envelope elimination and
restoration (EER) [4] and out-phasing TX line-ups [5] have
been reported. In [5], the output stages are driven fully digital
using dedicated high-breakdown CMOS devices [6], which
requires the input capacitance of the output stage to be fully
charged and discharged for every RF cycle by the preceding
driver. As such, the digital operation of the RF output stage
demands a constant input/drive power, which in deep power
back-off can be even larger than the desired RF output power
itself. As a result, the overall system efficiency will be low
when handling signals with a high peak-to-average power
ratio (PAPR). In addition, using a large output stage, which
is always hard-driven in its totality, can cause dynamic range
limitations [7].

This work proposes a low-voltage DTX controller in
combination with a segmented (Vr-shifted) FET-based high-
power output stage. Such a combination can enable true
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DTX operation, which is perfectly scalable to high power
levels. More importantly, the controller’s power consumption
is (linearly) proportional to its RF output voltage, enabling
high TX system efficiencies that can offer dramatic power sav-
ings in standby or low traffic conditions. This article explores
the feasibility of such a high-power DTX approach with
its underlying technology and design challenges (Sections II
and III), providing an extended, more detailed description
of the work published in [8]. Section IX gives the DTX
realization and its static and dynamic measurement results,
demonstrating its high output power and system efficiency.
Furthermore, it shows that modulated signals can be handled
within the constraints of the technology, interconnect, and
assembly methods used in the DTX prototype. The primary
goal of this article is, however, to provide the reader
with the (costly) lessons learned designing world first >10-W
segmented power DTX, yielding a set of clear guidelines and
directions for developing a new, improved generation of power
DTX line-ups that can replace power-hungry analog-intensive
TX line-ups in future mMIMO systems. For this purpose, this
article starts with the underlying hardware challenges, which
are tackled in a step-by-step approach.

II. POWER-DTX TECHNOLOGY CONSIDERATIONS

In a power-DTX line-up, the (segmented) RF output stage
will use binarily quantized driving signal(s) that will put
the output stage (segments) in either “ON” or “OFF’ mode.
Achieving high efficiency from an RF output stage requires
an n-type FET device in LDMOS or an HEMT device in GaN
technology. The driver of this output stage needs to provide
very fast charging and discharging of the input capacitance
of the RF output stage to guarantee digital switch-mode
operation. A class-D driver using complementary devices is
typically considered the most logical candidate to perform this
action. In LDMOS or GaN technologies, unfortunately, there
are no p-type devices available with adequate performance.

Consequently, the driver needs to be implemented in
(a separate) high-speed CMOS or SOI technology. Given
this topology, the RF output stage and its (off-chip) class-D
driver can be modeled by switching elements with resistance,
as shown in Fig. 1(b). Here, the driver’s equivalent resistances
are denoted by Ry, with the additional subscripts n and p for
nMOS and pMOS devices, respectively. The RF output stage’s
ON-resistance is denoted by Roy. Since two different integrated
circuits (ICs) in technologies are used, protection against
electrostatic discharge (ESD) and interconnect parasitics need
to be considered as well. In Fig. 1(b), these are modeled by
shunt capacitances (Cgspi,2) and series inductor (Lpong) and
resistor (Ryond)-

Considering the ON/OFF activation of the RF output stage,
a resonant switch-mode PA (SMPA) operating class seems to
be the most logical choice to achieve high energy efficiency.
In view of this, class-E is favored over (inverse) class-F opera-
tion since it is challenging to realize harmonic open conditions
for a high-power device with a large output capacitance (e.g.,
approximately 0.3 pFW~! for LDMOS technology). Further-
more, class-E stands out with a theoretical drain efficiency
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Fig. 1. Conceptual diagrams of (a) proposed RF high-power mixing-DAC
configuration using a CMOS controller and a gate-segmented high-power
output stage. (b) Top-level diagram of the proposed power DTX, with below
the circuit diagram of a single (digital) segment of the mixing power-DAC,
showing in detail the parasitics of the final stage of the tapered buffer chain
and its connection to a gate segment of the high-power output stage.

of 100% while benefiting from a simple circuit topology [9].
Practical implementations, however, will be restricted in their
peak drain efficiency by limitations imposed by the used
technology in relation to the targeted operating frequency
and output impedance level in terms of fr/fy and R /Rox.
Namely, these ratios need to be large for high drain efficiency
at peak output power [10].

A. Segmentation of the RF Output Stage

SMPA operation such as class-E is often entirely focused on
peak power performance. However, when dealing with modu-
lated signals with high PAPRs, the control of the output power
in an energy-efficient manner from a driver’s perspective is
needed. This can be achieved by using segmentation of the out-
put stage [11], [12]. In low-power DTX implementations, this
is done by putting many (scaled) unit cells in parallel, together
with their embedded activation logic. This approach can be
followed for both polar- [13] and Cartesian-oriented [14]
DTX architectures. In this work, however, we focus on high-
power DTX operation, which uses separate dies for the CMOS
controller and power stage(s), blocking the use of advanced
unit cells. To minimize layout and implementation parasitics
as well as facilitate high output power and efficiency, segmen-
tation of the gate width (W) of the power output stage itself
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is used. In such a gate-segmented power device (Fig. 1), all
drain fingers are directly connected in parallel, and all sources
are connected to the ground through a highly doped substrate
plug (LDMOS) or ground vias (GaN). Output power control
is obtained by activating more gate segments, controlled by
an amplitude code word (ACW), scaling the effective Ry
(when operated in triode mode) or the effective g, (when
operated in the saturation mode). Roy control offers the highest
theoretical efficiency (e.g., in class-E) but yields a nonlinear
ACW-RF-output transfer. The latter can be handled by adopt-
ing a dedicated (nonlinear) segmentation technique [11] or by
using digital predistortion (DPD) [15], [16]. In theory, g, scal-
ing can provide linear DTX operation [17], but this approach
relies on a transconductance class of operation, yielding con-
straints in efficiency while being potentially more sensitive to
variations of the driving voltage of the gate segments (see also
Sections IX-B and IX-C).

B. Threshold Voltage Optimization

RF power FET technologies are typically optimized for
their dominant high-volume application, namely, base station
Doherty operation. These are primarily analog Doherty PAs,
with an output stage gain ranging from 13 to 22 dB and supply
voltages ranging from 28 to 50 V, based on gain, stability, and
bandwidth considerations. In these applications, emphasis is
placed on efficiency enhancement in power back-off operation,
in combination with smooth AM—AM and AM-PM behaviors.
Practical implementations aim to accomplish this by selecting
the appropriate gate bias voltages to put the main device in
class-AB and the peak device(s) in class-C operation. This
design strategy has resulted in LDMOS and GaN technologies
with high threshold voltages (Vr), e.g., a Vy above 2V for
LDMOS, and below —2 V for GaN, while the Vg voltage
swing in these analog applications is in the order of 3 to 5 V,
at the maximum drive level. In contrast, in digital-oriented
high-speed CMOS technologies, the supply voltage is limited
to 1-2 V. In the targeted high-power DTX, the limited CMOS
driver voltage should be sufficient to switch the LDMOS or
GaN output stage (segments) between the “ON” and “OFF”
state. For GaN, this is somewhat more complicated since large
negative voltages are required to turn the device completely
OFF. Consequently, for this purpose, dedicated high-voltage
CMOS devices and a related design technique have been
developed [18]. It is not practical to establish complete output
stage switching with standard LDMOS or GaN devices when
using commercially available high-speed CMOS technologies.
Therefore, V; of RF power technologies for DTX applications
needs to be reduced.

LDMOS technologies can offer some flexibility for lowering
the threshold voltage. Therefore, in this work, we use a
0.4-um 28 V LDMOS technology, combined with a high-speed
digital controller based on 40-nm CMOS technology. The
downshifting of the LDMOS V; can be done by selecting
different doping concentrations or using thinner gate oxides.
This is a delicate process since various other performance
parameters, such as ruggedness (the ability to withstand a
stress condition without degradation or failure [19]), need to
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50 30
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Fig. 2. LDMOS Ips and g, curves normalized per mm when Vps =28 V
for different Vr-shifts to lower voltage levels (shown in dashed line). The
solid lines illustrate the nominal LDMOS technology as typically used for
analog base station implementations.
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Fig. 3. Modeled drain ON/OFF resistance shown versus Vgs for different
values of Vps.

stay satisfied. Furthermore, when shifting the Vy down, the
LDMOS process technology is no longer calibrated, so there
will be uncertainty in the actual realized Vy. To relax the
LDMOS V7-shift, thick-oxide CMOS devices are selected
to implement 2.5V drivers for the LDMOS output stage
segments and their tapered buffer chains. Logically, these
devices are slower than the low-voltage high-speed standard
40 nm CMOS devices, which we use in the control logic.
The design considerations for the tapered buffer chains are
discussed in Section VI.

Fig. 2 shows the drain current (/ps) and transconductance
(gm) versus gate voltage (Vgs) for the considered LDMOS
technology. We observe that Vr of 0V allows to switch the
device entirely “ON” and “OFF” using a 2.5-V driver signal.
However, choosing a very low value for V; causes a drop
in Roge (Fig. 3), which also affects the peak drain efficiency.
This is most prominent in power back-off operation when a
part of the DTX segments will be deactivated. Consequently,
the optimum LDMOS V7 for a power-DTX implementation
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Ball

Stitch-on-Ball bonds

Fig. 4. Modeled bond-wire configuration used for the connection of the
CMOS controller to the LDMOS power die.

ranges from 0.4 to 1.4 V. For the remainder of this article,
we will assume Vy = 0.8 V. When the details of the
power-DTX line-up have been determined, this V7 choice is
reevaluated in Section VIIIL.

III. HIGH-POWER-DTX LINE-UP DEFINITION

Since the realization of a power-DTX prototype is costly,
our aimed demonstrator (Fig. 1) must support various DTX
operation conditions for testing purposes. Thus, its architecture
is intended to support both polar and Cartesian operation,
of which the latter demands two baseband-to-RF upconverting
TX line-ups. This dual TX line-up topology can also be
used to support testing of two-way Doherty or out-phasing
prototypes in the future. Consequently, the output stage seg-
ments are grouped in two independently controlled switch
banks. Furthermore, the output stage(s) of the power-DTX
must be flexible in their operating class and compatible with a
rectangular (digital) drive signal. The nominal supply voltage
Vip of the LDMOS technology is 28 V. The standard LDMOS
die size for power devices is 4.9 mm, which we adopt as the
maximum LDMOS die width in this work. The number of
interconnections between the CMOS and LDMOS dies has
been maximized to allow as many DTX segments as possible,
to reach maximum DTX resolution and dynamic range. This
is achieved by using the minimum available bond-wire pitch
of 80 um, in combination with staggered bond pads and
25-um-diameter gold bond wires with ball-stitch-on-ball
bonding to minimize bond-wire loop height (Fig. 4).

Wedge—wedge bonds with 50-um-diameter aluminum wires
with a definable loop shape are used at the output of the
LDMOS die to achieve low output losses and a predictable
connection to the output matching network on a printed circuit
board (PCB). This requires a minimum bond-wire pitch for
these aluminum wires at the output of 130 um and a bond
bar on the LDMOS of at least 167 um wide. The minimum
trace width on the PCB is 100 um for a 35-um-thick copper
layer. Finally, to make our feasibility study of interest to future
DTX-based mMIMO base stations, the power-DTX prototype
should operate up to at least 3-GHz transmit frequency while
being capable of delivering at least 20 W of RF output power
with high system efficiency. For this purpose, we will explore
the following high-power DTX single-ended polar class-E

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES
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Fig. 5. Digital polar class-E DTX configuration using output stage segmen-
tation. The digitally controlled segments can be modeled as a single switch
with an ACW-controlled Roy.

(®)

Fig. 6. Layouts of the segmented LDMOS power die. (a) Micrograph of the
die (4.9 mm x 1.6 mm) having a total gate width (W o) of 41.472 mm dis-
tributed over two switch banks (the surrounding box indicates the left switch
bank A), each bank featuring seven binary-weighted segments, (B) indicates
such a binary segment with dummy device (C), and 15 unary segments
representing 4 bit, denoted by D. (b) Layout detail showing the use of a
dummy LDMOS device (C) for equalizing Ci, = Cgsp2 + Cgs + CGG,dummy-
Here, the second MSB binary segment is shown below a unary segment.

technology demonstrator, with its conceptual diagram given
in Fig. 5.

IV. DIMENSIONING OF THE SEGMENTED
RF OUTPUT STAGE

When assuming V; = 0.8 V and a drive signal swing
of 2.5V, the modified LDMOS technology has Ipsmax ~
0.17 Amm (Fig. 2). This current density is somewhat limited
by the lower voltage swing from the CMOS driver. Further-
more, in the class-E operation, the supply voltage needs to
be lowered to 20 V to avoid breakdown, lowering the output
power capability [20]. Due to requirements on the effective
Rox and to allow for some design flexibility (e.g., use of
Cartesian operation, requiring / and Q banks, or flexibility to
use operating classes with lower output power capability, such
as digital class-C [17], in later implementations), we assume
doubling of the minimum bank size with respect to an analog
Class-B implementation at Vi p = 28 V for 20-W RF output
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power, giving a minimum LDMOS total gate width Wg or >
33.6 mm, which is split over the two banks [Fig. 6(a)]. The
maximum number of segments is limited by the number
of interconnections between the CMOS controller and the
LDMOS output stage. Naive division (i.e., neglecting things
as pad sizes and bank spacing) of the available die size of
4900 pm by the minimum bond-wire pitch of 80 um yields
62 interconnections in total, so 31 is for a single bank. Fully
thermometer coding would yield a too small dynamic range for
the DTX to sufficiently handle modulated signals. Therefore,
a hybrid approach was selected, resulting in 15 unary segments
(4-bit resolution) and 7 binary-weighted segments for each
bank. The size of the least significant binary bit is limited by
the minimum W of the LDMOS device. The least significant
binary-weighted segment was doubled to make use of the
remaining space, allowing some extra redundancy in testing,
yielding an overall segment (bond) pitch of 83.5 um. The
above makes the summed gate width of all binary-weighted
segments equal to that of a single unary segment. Therefore,
Wit = 2 x 16Wg, where Wi is the gate width of a
unary segment. To comply with the output power requirement,
Wgs > 1.05 mm, which, for this LDMOS technology, is spread
over two gate fingers per segment.

Aside from the LDMOS gate capacitance, the loading
capacitance for an LDMOS segment driver also consists
of ESD protection diodes on both dies. To reduce the
disproportionate ESD contribution and to have W that is
decently divisible by 2, Wg was increased to 1.296 mm,
yielding a unary segment loading capacitance of C; =
Cesp1 +Cgsp2+Cgs =~ 0.81 pF+0.50 pF+-1.10 pF = 2.41 pF
and Wg ot = 41.472 mm. This gives a total LDMOS output
capacitance of Cps ~ 12.3 pF when Vps = 28 V. The
use of binary-weighted segments raises the issue that Cgg
reduces by a factor of 2 with each binary step. To avoid
delay mismatches caused by different loading of the segment
drivers, the lower Cy, of these binary segments is compensated
by adding dummy LDMOS devices [Fig. 6(b)], with both
source and drain tied to ground. Following this strategy, the
total driver-connected W of a binary segment is targeted to
be equal to that of a unary segment.

V. CLASS-E OUTPUT MATCH

With the LDMOS power die defined, next, we will consider
the class-E output matching network. In a polar class-E TX,
the segmented output stage can be modeled as a switch
that toggles between the effective Roy and R, in parallel
with the output capacitance Cps, which is the sum of all
segments’ output capacitances (Fig. 5). The ACW in this
polar configuration provides the amplitude information p and
defines the number of activated LDMOS segments. The clock
phase ¢ controls the switching moment of these segments.
The capacitance Cpg is used as the class-E shunt capacitance
Cg. Its equivalent series resistance Rpg relates to the losses
that occur when an RF signal is applied at the output of
the LDMOS segments, a condition of particular interest when
dealing with Doherty or high frequency operation. The resis-
tance Rop models the static losses due to the output stage’s

bias. Class-E operation is extensively analyzed in the literature,
where the zero voltage switching (ZVS) criterion is the critical
requirement in reaching 100% drain efficiency [9]. A set of
class-E normalization equations can be defined, where L4 can
range from finite to infinite! [21], [22]

1

qg = ——= (1)
o~/ LacCE
KC = CO()CERL (2)
X
Ky = — 3
X =% (3)
Preout R
KP _ RF02l L (4)
VLD

A technology-dependent upper frequency for class-E is given
by
IDSmax

fmax,E I — (5)

aeCegVip

where ap is a constant dependent on the subclass of class-E
operation determined by the value ¢, ranging between 56 and
31. For the LDMOS technology used, fyax g iS between 510
and 920 MHz for Vip = 20 V. Beyond this frequency, the
ZVS criterion cannot be met anymore and the active device
operates partly in saturation rather than purely in its triode
region. This shifts its operating class to the continuum between
transconductance and switch mode, also called class-BE oper-
ation [23], [24]. Since our targeted operating frequency is
3 GHz for our power LDMOS DTX, the class-BE operation
is used for its design.

VI. DTX DRIVERS

In the power-DTX concept, the relatively large input capac-
itance (Cj,) of the LDMOS segments are driven by rectangular
activation signals. This voltage swing needs to be high enough
to sufficiently activate the LDMOS segments, while rise and
fall times need to be short to guarantee the energy-efficient
operation of the output stage. To achieve this, a level shifter
and a chain of inverters using thick-oxide devices of increasing
size are used to bring the digital drive signal from the core
logic to the input of the LDMOS output stage [Fig. 7(a)]. This
inverter chain, referred to as a “tapered buffer chain,” has a
power/speed tradeoff, influencing the overall performance of
the power-DTX, justifying a more detailed investigation.

The CMOS tapered buffer chain can be analyzed using
linearized resistances, capacitances, and their related propa-
gation delays [25]. The definitions of these linearized circuit
elements in the context of this article are given in Appen-
dix B. Minimizing the rise and fall times mainly depends
on the propagation delay per stage, rather than having a low
delay for the entire chain. This propagation delay can be
analyzed for a single DTX segment, as shown in Fig. 7.
The interconnect parasitics between the CMOS controller chip
and LDMOS power die are neglected since the operating
frequency is (significantly) lower than the resonance frequency
of Lpona and Cgspz + Cgs, and Rpona < Rgr. Here, Ry, is

U Acar er al. [21], [22] also defined K, to determine Lgc, but its calculation
is straightforward from ¢ and Kc.
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Fig 1b Detail
Tapered buffer chain (2.5V) _ (7

CinOutput stage
segment (28 V)

LDMOS’
Driver

Fig. 7. (a) DTX segment, including the level-shifter circuit with phase aligner
for going from the 1.1-V domain with low-voltage high-speed standard CMOS
devices to the 2.5-V domain, which uses thick-oxide devices. A tapered buffer
chain based on the thick-oxide devices is used to drive the capacitive input
of the LDMOS segments with sufficient switching speed. (b) Tapered buffer
chain with its parasitics in more detail.

the equivalent switch resistance of the inverter functioning
as the LDMOS’ driver that (dis)charges the capacitive load
Cr. Here, a low switch resistance Ry means a bigger (thus
“faster” or ‘stronger’) driver. Then, each consecutive inverter
is a factor f smaller (seen from the load toward the input of
the chain) and the overall effective fan-out is then defined
as F = Cp/Cg.,;,; the total number of stages becomes
N(f) = [log; F| + 1. This implies a technology-dependent
maximum driver speed as limy,; N(f) — oo. However,
in practical implementations, there is a tradeoff between power
consumption and driver speed, which can be captured in the
following (see Appendix B):

-N
Cseg = CL + %(1 + )’)%
This yields a power dissipation in the CMOS controller per
segment of Pig = foCseg chh ~+ Pconst- The “constant” segment
power dissipation (Peopst), Originating from continuous running
RF input clocks, the level shifter, and static leakage currents,
is extremely small compared to the dynamic power dissipation
and will be neglected onward. Since Py is proportional to the
total capacitance in the overall segment line-up, rather than
only the input capacitance of the LDMOS (unary) element

(6)
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and ESDs (Cp), we can define the capacitance multiplication
factor

Cieg
Cr’
This factor M is useful for defining the DTX system efficiency,
comparable with more conventional RF power technology
parameters such as drain efficiency (#p) and the operating
power gain (Gp), and its role is discussed in more detail in

Section VII-B. The factor M and the effective fan-out f are
derived analytically, resulting in

M= (7)

[ty
M~—f_1 (8)
In(2)Ry,, C
fzym. )
150

VII. POWER-DTX FROM A SYSTEM-LEVEL PERSPECTIVE
A. Driver Power Consumption

A power-DTX configuration has many segments whose
activation is controlled by the ACW. The related “activated”
capacitance is given as Cyet = NaetCoeg, With Ny the number
of activated segments. When assuming equal segment sizing,
this leads to a linear dependence of the tapered buffer chains
consumed power Pcy, on the ACW

ACW

fO Ctot VCh (10)

where N, is the number of bits of the ACW and C is the
summed capacitance of all segments, including the LDMOS
input capacitance, ESDs, and the capacitance of the entire
digital tapered buffer chains.

B. Line-Up Efficiencies

The voltage-to-power transfer of the LDMOS segments
makes the classical efficiency definitions based on the “operat-
ing power gain” (G p) useless. However, when considering the
power consumption of the tapered buffer chain, the (system)
efficiencies of interest can be defined similar to those of analog
PAs, starting with the drain efficiency of the LDMOS output
stage
P RFout

np = (11)

PLp
where Prpout 18 the measured DTX output power and Prp is
the power supplied by the LDMOS supply (V.p). Furthermore,
the total efficiency of the LDMOS output stage

nr = P RFout (12)
Py + Pip

in which Py = foN.CLV, h relates to the capacitive switch-
ing loss caused by the activated LDMOS output segments
itself (i.e., it does not include the remaining switching losses
of the tapered buffer chain). Note that Py should not be
confused with the (almost zero) input power Pi, 1pmos in a
conventional impedance matched RF situation where the input
capacitance of the LDMOS device is resonated out, although
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they serve a similar function in the expression. Finally, the
system efficiency is defined as

P RFout
Pch + Pip
— P RFout (13)
M - Po: + Pp

in which M is the capacitance multiplication factor for the
driver chain as defined in (7). In this way, the DTX and
its system efficiency can be easily evaluated while using
the driver’s speed, which sets the rise and fall times, as a
free design parameter. Consequently, the required number of
stages in the tapered buffer chain follows as a result and
not as a predefined constraint. This allows, for example,
to include only the final driver stage with an LDMOS segment
in the simulation setup and use the M value (based on the
CMOS controller technology under consideration) to include
the power consumption of the remaining tapered buffer chain.
Note that in this latter approach, Cg, of the final driver
is already included. Consequently, in this particular case, M
needs to be replaced by M’, which can be calculated as

Cr
Caro, +CL
y—J

f+y
o
f-r

ns =

M =M

%

(14)

C. Stability

Due to its complementary digital topology, the drivers
for the LDMOS output segments have a very low output
impedance compared to a (pre)driver in a traditional analog
TX line-up. Furthermore, it fixes its output voltage to a “high”
or “low” state. As a result, stability problems of the RF
output stage, as present in analog implementations, are entirely
eliminated. Moreover, when the LDMOS segments are driven
to be fully “ON” or “OFF,” their related transconductance (gain)
in these conditions is very low (see Fig. 2), again contributing
to stable behavior of the output stage.

D. Frequency Agility

The drivers transfer the (phase-modulated) rectangu-
lar voltage to the LDMOS gate segments. Consequently,
no (frequency-dependent) impedance matching at the input
of the LDMOS output stage is used, yielding frequency-agile
operation for the entire DTX line-up within the speed lim-
itations of the tapered buffer chain. In fact, if the maximum
operating frequency is not limited by the interconnect between
the CMOS controller and LDMOS die, only the LDMOS
output capacitance combined with the applied output matching
network defines the frequency transfer of the DTX line-up.

VIII. OPTIMIZATION OF THE DTX LINE-UP

With above definitions in place, we can optimize our power-
DTX drain and system efficiencies for class-BE operation at

TABLE I

CLASS-(B)E DESIGN SETS AND DRIVER S1ZES USED FOR
GENERATING THE DATAPOINTS OF FIG. 8

Vr | Vip q Kc Kx Ry | M
2.00 | 28.00 0.983 7.189 1.167 10.31 3.781
1.67 | 28.00 0.987 7.996 0.960  12.69 2.809
1.33 | 28.00 1.017 8.169 0.500 1544 2.289
1.00 | 28.00 1.296 0.209 -2.280 1443 2.441
0.80 | 28.00 1.368 0.155 -3.071 14.39 2.448
0.60 | 27.11 1.407 0.137 -3.265 14.67 2.401
0.40 | 25.75 1.448 0.122 -3.398 14.62 2.410
0.20 | 24.58 1.486 0.111 -3.426 1446 2.436
0.00 | 23.50 1.525 0.102 -3.365 13.84 2.548
80 ~ T T T 40
R : =7 i
< \J‘ : i
I~ |
nT = -
70r——e<——_9:<___:_::x i -1 30
R IR = R =
1S} [ S X [ —
— | =L | S e
> | X/ _ | X =]
[5) 1 \\‘ <~ AR it
% 60 ROFF : AN T\\\ SO 20 Q:‘:
(3] limited 1 7 NN ~
= | (I N ©
L | " ARNEN o
i limited i N N a
50 i i Prrouts 7 10
. . \
| —~ 1 limited
! Realized Vj—————»
—_ h
i Design Vp :
40 L I 1 1 L L O
0.0 0.5 1.0 1.5 2.0
Vr (V)

Fig. 8. Theoretical full power-DTX performances for the optimized class-BE
designsets for varying values of Vr of the applied LDMOS technology. The
design parameters used to generate this graph are: Lpong = 0.6 nH, Rpond =
02 Q, 01, =10, ky, = 0.2264, fo =3 GHz, d = 50%, and Vo = 2.5 V;
the remaining parameters depend on V7 and are given in Table I.

various Vy values of the LDMOS segments. For this purpose,
the equivalent resistance of the LDMOS’ driver is modeled
by Rg:. Selecting the Rg, value affects the switching speed of
the LDMOS segments and, as such, the LDMOS drain effi-
ciency. Furthermore, the chosen Ry value automatically sets
the required size of this driver for given CMOS technology,
as specified by (9). The empirical constants extracted from the
thick-oxide device models in the CMOS 40-nm technology,
including layout parasitics, are found to be: t,0 = 10.76 ps,
y = 1.092, and fyep, /tp, = 0.736. Also, here, we assume the
number of stages N in the related tapered buffer chain to be
continuous. Finally, the output matching network (Fig. 5) is
assumed to be lossless.

Using the theory of Sections V and VII-B, the normalized
class-E design parameters (see Table I) have been determined
by numerical optimization for each Vr point in the graph
of Fig. 8 to maximize the related efficiencies and output
power. Interestingly, for low V7, also, the optimum R (xK¢)
is low, which can be explained by the increased maximum
current capability of the LDMOS. For this condition, also, the
optimum value for Ry drops, implying that the driver provides
faster rise and fall times to reach high drain efficiency. This
low Ry, comes at the cost of an increased Pcy, which can be
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afforded from a system efficiency perspective since Prpou 1S
also higher for low Vr. For high Vr, the RF output power is
severely limited, and rise and fall times need to be sufficiently
short to achieve any respectable output power at all. This also
requires a low Ry, further decreasing the achievable system
efficiency.

It appears from Fig. 8 that a customized LDMOS tech-
nology, having a threshold voltage of Vy = 0.2V, yields
the optimum system efficiency. However, such a low V7
requires very high doping concentrations in the LDMOS
fabrication process, impacting other device parameters such
as ruggedness. Therefore, based on practical considerations,
Vr of 0.8 V is targeted in this work. However, since this Vp
value deviates significantly from the standard LDMOS process
flow, it comes in practice with some uncertainty. To handle this
Vr uncertainty in the demonstrator, duty-cycle (d) and supply
voltage (Vip) adjustment is used in the testing phase of the
power-DTX (see Appendix A). The DTX is reoptimized for
the targeted Vy = 0.8 V with the output matching network
now including realistic losses. This results in an optimum
Ry = 16.87 Q requiring f = 2.88 and N = 7.5 for the
number of driver stages, yielding a capacitance multiplication
factor M = 2.114 (M’ = 1.532). The simulation result of the
power consumption of the CMOS controller using these values
is shown in Fig. 10 and will be discussed in more detail with
the measurement results in Section IX-A.

With the design study above, the high-power DTX con-
figuration is defined within the technology options available.
Within this project, targeted DTX peak output power (larger
than 20 W) and a peak system efficiency (close to or above
60%) seem feasible.

IX. DTX DEMONSTRATOR REALIZATION
AND VERIFICATION

The TSMC 40-nm CMOS controller and custom 0.4-pum
28-V low-V; LDMOS power die have been fabricated, tar-
geting the optimum design values discussed previously. The
DTX’s detailed schematics and a photograph of its imple-
mentation are shown in Fig. 9. The single-ended class-BE
output matching network, centered around fy = 2.1 GHz, was
implemented using discrete capacitors, bond wires, and PCB
transmission lines as inductances, and a quarter-wave trans-
former to match R to 50 Q. Layout parasitics in the CMOS
tapered buffer chain decreased relatively with the smaller
stages, allowing for a slightly increasing the effective fan-out
along the tapered buffer chain, resulting in a chain of seven
stages. The controller features additional trigger outputs for
synchronization and testing purposes. These “TRIG” outputs
are driven using identical drivers as used for the LDMOS gate
segments. The dc-based verification of the realized LDMOS
Vr-shift indicated Vy of 1.1 4+ 0.05 V. This is higher than
intended, but the availability of on-chip duty-cycle control
and flexibility in the LDMOS supply voltage can handle this
deviation (see Appendix A).

The thickness of the CMOS controller IC is 300 um, and the
LDMOS die has been thinned to 50 um (also see Fig. 4). Both
dies are glued on a modified copper flange, minimizing the
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Fig. 9. Realized power-DTX configured for polar operation with the
single-ended 2.1-GHz class-BE output matching. The prototype features a
CMOS 40-nm controller and a Vr-shifted segmented LDMOS output stage,
featuring two switch banks that take their ACW data from time-multiplexed
on-chip memory. The power-DTX prototype also has extra trigger output
pins to monitor its output independent of the LDMOS die. (a) Schematic.
(b) Photograph with the ceramic cap removed.

bond-wire inductance between the CMOS controller and the
LDMOS power dies. In addition, grounded pads were placed
on the LDMOS power die to provide current return paths to the
CMOS drivers through bond wires. The interconnecting bond
wires between the CMOS driver and LDMOS power die inputs
are placed in alternating directions to minimize the mutual
inductance (see Fig. 4). The flange is placed as a PCB inset
on a larger aluminum heatsink, adding mechanical support for
the PCB.

A. Dynamic Power Consumption of the Controller

First, the simulated 2.5-V power consumption of the CMOS
controller (simulated M’ - Pcy) is compared to the measured
data, as shown in Fig. 10. The fluctuations resulting from
the hybrid unary and binary-weighted implementation of the
segments with equalized input capacitances are clearly visible
(see Section IV and Fig. 6). Apart from this, the power
dissipated does show the overall linear proportionality with

Authorized licensed use limited to: TU Delft Library. Downloaded on March 25,2022 at 06:42:35 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BOOTSMAN et al.: HIGH-POWER DIGITAL TRANSMITTERS FOR WIRELESS INFRASTRUCTURE APPLICATIONS 9
5,‘H“H“H“H“‘“H“H“H‘J 40\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

| | — Simulated: driver only | |— Fp (20V)

— 4l Simulated M’ - Pcy, ——  Brrout

\;_, || == Measured Pcy 30 | Pen (2.5V) 7

= 5 Simulated fit _ | Po (1.1V) J

s 3 =

& | i B 2
L > L

= | i) =

2 9] i i 3

i ﬂ g

£ [ 1

o b M M M M ] 10

o1 W W M ] A poaog Class W8 P |
g ] |

O"\i\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7 0 cdad e A N RN BN AR
0 256 512 768 1024 1280 1536 1792 2047 0 256 512 768 1024 1280 1536 1792 2047
ACW ACW
Fig. 10. Simulated drive power including Cgro1, this power is multiplied  Fig. 11. Measurement of the fully digital-TX line-up (Wg ot = 41.472 mm,

by the theoretically calculated M’ = 1.532 to provide the total power
consumption of the driving drive chain, which is compared to its actual
measured values.

ACW. We can compare the simulated Pcp, with the total
controller power consumption needed to drive the LDMOS
segments using an empirical fit for the capacitance multi-
plication factor M’ = 1.291, which is 15.7% lower than
what was theoretically predicted in Section VIII. This can
be attributed to the slightly more aggressive scaling in the
implemented tapered buffer chain, resulting in a seven-stage
chain, and the fact is that the (nonlinear) device capacitances
are not 100% charged and discharged each cycle. Still, the
accuracy of this estimation can be observed from its almost
perfect correlation with the measured power dissipation of the
2.5-V supply domain. Furthermore, if the ESD capacitances
could have been avoided, the required drive power would have
been a factor 2.2 lower given the same driver speed (see
Section IV). The above suggests that close to perfect scaling
of the consumed DTX power with the RF output signal is in
reach.

B. Digital-to-RF Transfer of the Power-DTX

The digital-to-RF transfer is confirmed by performing sta-
tic power measurements versus ACW using a power meter.
A 30-dB attenuator was included in the measurement setup to
protect the instruments, whose losses have been deembedded.
Pulsed continuous wave (CW) measurements are performed
using a 15% time duty cycle to reduce thermal effects. The
optional RF duty-cycle adjustment is first bypassed, so the
RF duty cycle in these measurements is close to 50%. For
ACW = 1920, peak drain and system efficiencies occur (see
Fig. 11), being 62.6% and 58.1%, respectively.

The total power balance at maximum ACW is shown in
Fig. 12, showing that the static power consumption basically
only occurs in the low-voltage domain (1.1 V) and is a tiny
fraction of all the powers involved. This is in strong contrast
with an analog-oriented TX line-up biased for linear class-
AB operation. The related quiescent current would, in com-
bination with a typical LDMOS supply, result in static power
consumption (Prpq) of 5.8 W for an LDMOS device of

11 bit) in static pulsed CW operation at 2.1 GHz using 15% duty cycling to
lower thermal effects and Vip = 20 V. The RF output power (Prpout), the
total dc power consumed by the segmented LDMOS devices (PrLp), the dc
power consumed by the driver (2.5-V domain), the static dc power of the
low-voltage (1.1-V) CMOS circuitry, and (dashed line) the static quiescent
dc power for an LDMOS device with the same Wg (o when operated in an
analog class-AB bias condition for linearity are plotted.

149 mW Continuous

43.86 W Total

O RF output power

@ Dissipated power

@ Class-D CMOS
drivers (2.5V)

[ Continuous power

[0 SRAMs, clock trees & input
buffers (2.1 GHz, 1.1V)

[ RF clock input amplifier
bias currents (2.5V)

@ Clock balun bias (0.55V) &
Ippg clock tree (1.1V)

B Other

Fig. 12.  Dynamic and static dc power consumption breakdown in the
implemented DTX at peak RF output power conditions (ACW = 2047).

comparable size. This level is indicated in Fig. 11 by the
dashed line.

As indicated in Section VIII, the efficiency and output power
can be optimized by changing the RF duty cycle and supply
voltage (see Appendix A). Using Vip = 20 V, the best peak
system efficiency measured was 60.4% using an RF duty cycle
(d) of 43%, with a maximum output power of 18.5 W and
a drain efficiency of 66.7%. Maximum output power was
observed for Vip = 28 V and d = 50%, being 29.8 W.
Due to the nonlinear LDMOS Cps and higher switching
losses, the drain and system efficiencies under these conditions
were 40.0% and 38.1%, respectively. This downward trend
was already expected from simulations regarding the postpro-
duction tuning (see Fig. 20).

Furthermore, CW efficiency measurements with varying
Vip have not been done, as the demonstrator sample used
for these measurements was damaged after finishing these
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Fig. 13. Simulated and measured static DTX transfers compared, normalized
to the ACW (ACW-AM/ACW). Both clearly show the effect of the hybrid
unary and binary-weighted implementation of the segments, especially when
switching to a unary weighted segment (every 128 ACWs).

peak power measurements. This was caused by lacking a
proper shutdown procedure for the power-DTX in this set
of measurements, as the DTX could go from full power to
zero in a single sample when downloading new amplitude
data to the SRAMSs or when aborting a measurement. Such
a sudden change in the related dc current can cause large
Vps spikes, even over a moderate bias feed inductance. The
remaining measurements in this article were done before this
breakdown or performed on a different prototype sample.
To avoid damaging these remaining samples, further CW
measurements or measurements using Vip = 28 V were
avoided.

In Fig. 13, the simulated and measured static (CW, with
stepped ACW, using a power meter) digital-to-RF transfer
of the entire DTX system is given for Vip = 20V and
d = 50%, in terms of the square root of the RF output power
(“AM”) normalized by the ACW. The simulation setup used
includes all known parasitics and imperfections in the realized
power-DTX demonstrator. The first parasitics to be included
are the mutual inductances of the staggered bond-wire array
between the CMOS controller and LDMOS output stage, and
limited bond-wire quality factor, by using an S-parameter
EM model for the bond wires (see Fig. 4). The effective
self-inductance ranges from 490 to 620 pH with a coupling
factor up to 0.52, depending on bond-wire location within the
array. This coupling is stronger between the first and third
bond wires than between the first and second bond wires,
due to their staggered orientation. The remaining parasitics
to be included are lumped component parasitics, as well as
the underestimated Cgs of the drain—source short-circuited
dummy LDMOS devices included in the binary segments as
compensation capacitances, yielding a 15% higher dummy
Cgs value than intended one. This deviation was caused
by the used compact model of the LDMOS device, which
was optimized for analog transconductance operation and,
therefore not for the Vps = 0 V condition. It can be concluded
from the simulations at low ACW that the impact of the
mutual inductances of the bond wires between the CMOS and
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Fig. 14. Measured dynamic response for a linear ACW triangle-shaped
envelope signal, centered around 2.1 GHz with the f; and VSA analysis
bandwidth set both to 525 MHz, leading to a cycle time of 62.4 ps. The
ramp down is flipped and placed over the ramp up to enable comparison.
This shows some hysteresis in the form of overshoots when going up and
undershoots when going down. For reference, also, the simulated static
ACW-PM is plotted, adjusted for the delay of the full tapered buffer chain
and resistive supply variation (see also Fig. 17).

LDMOS dies is quite pronounced. Activating the thermometer
segments at every 128 ACWs yields small jumps, except for
the first two transitions. This is caused by aforementioned
mutual coupling, which increases the effective RF drive volt-
age (Vgs) of an LDMOS segment when neighboring segments
are activated, yielding an unwanted bit-to-bit interaction in the
output power. In this simulation, the unary-weighted segment
located the farthest away from the grouped binary-weighted
segments [see Fig. 6(a)] is activated first. After ACW =~ 1024,
the DTX starts to enter compression, evident from the transfer
decreasing in magnitude.

Our forgoing driver analysis assumed that the LDMOS
input capacitance of the segments remains perfectly constant,
independent of what happens at the drain terminal of the RF
output stage. However, Cgs is dependent on the operating
region of the LDMOS device. In addition Cgp undergoes
the Miller multiplication and also appears at the input of the
segment. Although, in RF-oriented LDMOS technologies, Cgp
is very small, this yields some dependence on the output oper-
ating condition. These effects modulate the effective loading
capacitance of the LDMOS’ driver and its delay, appearing as
(additional) ACW—PM distortion in the DTX line-up.

In Fig. 14, the measured (dynamic) ACW-AM/PM curves
are shown for a triangular (linear) ACW ramp, measured using
a spectrum analyzer in the vector signal analyzer (VSA) mode.
For this purpose, the baseband sampling rate f; is reduced
to 525 MHz, an integer factor 4 lower than the RF center
frequency, to be within the VSA’s baseband sampling rate.
Every SRAM value directly corresponds to one demodulated
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IQ sample, and every ACW value is repeated eight times in
the memory, giving a cycle time of 62.4 ps. For reference,
the simulated static ACW-PM curve is also plotted. In this
simulation, only the final stage of the tapered buffer chain
was included (see Section VII-B) to aid simulation speed
and convergence. To compensate for the delay variation of
the full chain due to the resistive supply variation (/ R-drop,
see Fig. 17) and thus additional ACW-PM variation, the
on-chip V¢, is used to adjust the simulated curve. The overall
difference between simulated and measured ACW—PM can be
attributed to the aforementioned use of a compact model of
the LDMOS device, optimized for analog transconductance
operation, not including the severe Cps nonlinearty when
operating close to Vps = 0 V. The nonmonotonic behavior
of the binary-weighted segments can be clearly seen in this
measurement. The triangular ramp up and down have been
folded on top of each other to compare them. Doing so,
some memory effects also become visible. Namely, the ramp
up has some overshooting when switching to a higher ACW
value, while in the ramp down, undershooting happens when
switching to a lower ACW value; at ACW = 1280, a unary-
weighted segment is being switched ON/OFF, and at ACW =
1312, an 272-weighted segment is switched ON/OFF. This
hysteresis/memory effect is attributed to timing glitches, which
are caused by delay differences due to C; mismatch in the
binary-weighted LDMOS devices.

C. Power-DTX Operation With Modulated Signals

For measurements with modulated signals, the power-DTX
was used in its polar operation mode, and a Keysight M8190A
AWG was used to provide the phase-modulated RF clock
centered around fy; = 2.1 GHz. The on-chip duty-cycle
adjustment circuit was found to generate some spectral dirt
caused by its analog control. Therefore, it was bypassed,
and hence, d = 50%. Static DPD [using a lookup table
(LUT)] has been applied to compensate for the ACW—AM and
ACW-PM DTX nonlinearities. This approach was attempted
first for the full range of possible ACWs; however,
the ACW-PM variations introduced by the use of the
binary-weighted segments could not be compensated such that

tone spacing: downconverted IQ-constellations, after static DPD, showing
hysteresis/memory effects for 16.4 MHz tone spacing. For reference, also,
measured constellations using 128 kHz tone spacing and the 80-kHz tone
spacing only using the unary segments with pulse density modulation are
shown (with arbitrary phase reference).

the effective number of bits (ENOB) was increased. Clearly,
the dynamic effects in our DTX prototype dominate here,
and henceforth, only the unary-weighted segments are used.
To compensate for the reduced resolution and still improve
the DTX’s dynamic range and noise floor, pulse density
modulation techniques using the remaining least significant
bit were applied. Using this approach, a two-tone signal with
a narrow tone spacing of 80 kHz was generated and measured
(Fig. 15), yielding IM; < —51.4 dBc.

When moving to signals with video bandwidths larger than
10 MHz, the linearity degraded more than what theoretically
can be expected based on the ENOB and sampling speed.
In particular, two tones with a tone spacing of 16.4 MHz
proved to be problematic. Closer inspection indicated that a
resonance in the dc feed of the CMOS controller caused this
linearity degradation. This resonance hypothesis is confirmed,
by measuring the related on-chip driver voltage V(y through
the TRIG test pin outputs with an oscilloscope. These TRIG
pins were included in the DTX demonstrator to increase its
testability [see Fig. 9(a)]. The on-chip driver supply should
ideally be constant at 2.5 V. However, it showed around
240-mV,, variation with the two-tone envelope frequency.
It proved not possible with the current hardware demonstrator
to correct this defect. Besides the quality of the driver supply
decoupling, the supply variation also depends on the resistance
in the dc supply path, which in our setup (cables, PCB, bond
wires, and on-chip interconnect) is estimated to be 94 mQQ in
total. Due to the considerable overall propagation delay (#,o)
of the tapered buffer chain and its dependence on the supply
voltage (Vcp), any variation in the controller’s supply voltage
will cause an unwanted phase change in the DTX output,
yielding unwanted phase modulation.

The resulting ACW-PM distortion is confirmed by the
measured downconverted IQ-constellation diagram for this
16.4-MHz two-tone (Fig. 16), which strongly deviates from the
ideal straight line. The variation in delay due to V(y, variations
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Fig. 18. Measured spectrum and constellation of the 10-MHz 256-QAM
signal, showing an ACLR = 46.1 dBc and EVM = 1.2% after static DPD.

was also measured using an oscilloscope by putting a square
wave in the SRAM for the TRIG pins and comparing the delay
between its rising edge and a reference marker of the AWG.
The measured and simulated results for the buffer chain are
shown in Fig. 17, showing a decreasing delay with increasing
(on-chip) supply voltage. All delays are referenced to the
nominal Vo, = 2.5 V case, for which the simulated tapered
buffer chain delay is #,, = 605.8 ps. It can be seen that
the measured delay differences follow the simulated values
very well. This confirms that indeed, a dc supply resonance
around 16 MHz causes the phase deviations in the RF output.
Henceforth, we restrict ourselves to lower bandwidths in the
following measurements.

In Fig. 18, the measured result for a 10.254-MHz
256-QAM signal around a carrier of fy = 2100 MHz is
shown. The baseband sampling rate has been multiplied by
5/8 to f, = 1312.5 MHz, to comply with the 2'> baseband
samples in the SRAM and to have the video bandwidth just
below the supply resonance. The signal was filtered by an
root raised cosine (RRC) with a roll-off factor of a = 0.22,
and static (memoryless) DPD was applied (again only using
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an LUT for the unary-weighted segments with pulse density
modulation for the LSB). This yielded for a signal with
7.2-dB PAPR, a measured adjacent channel leakage ratio
(ACLR) of —46.1 dBc, and an rms error vector magnitude
(EVM) of 1.2% (—38.2 dB, averaged over 4096 constella-
tion points). The average output power was 3.9 W, with
average drain and system efficiencies at 28.1% and 25.6%,
respectively.

X. DISCUSSION

This work aims to explore the feasibility of high-power fully
DTXs that allow for high integration and low (static) standby
power. Within the design constraints of today’s LDMOS and
CMOS technologies, our first high-power DTX demonstrator
achieved decent performance in terms of output power and
energy efficiency, which are the main objectives of this study.
Although the dynamic range of the DTX, in terms of its
implemented number of bits, could not be fully reached,
reasonable linearity figures (IM3, ACLR, and EVM) could be
obtained for a complex modulated TX signal with not too
large bandwidths. This bandwidth was mainly restricted by
unfortunate resonance in the driver supply bias. However, other
(lower power) DTX work [26] shows that large bandwidths
(>300 MHz) with good linearity are in reach using a fully
digital approach.

The measured performance of the presented DTX is sum-
marized in Table II and compared to “high-power” prior-art
solutions. In [1] and [2], fully integrated digital solutions are
demonstrated; Diddi et al. [3] showed a hybrid digital/analog
solution and McCune et al. [4] showed a digital-intensive EER
solution. The work presented offers a 10x higher output power
compared to these works while also providing higher (system)
efficiency and comparable or better modulated performance.
The work presented in [S] can be regarded as a digital-
intensive PA and is added for completeness. In contrast to
our proposed DTX concept, this solution is not based on a
segmented output stage. Therefore, the operation of its two
amplifier branches is limited to constant envelope and thus
requires constant drive power limiting the achievable system
efficiency [6].

Overall, valuable lessons for future power DTX implemen-
tations were learned from this study, which we summarize in
the following.

1) Use fully saturated operation for the output stage seg-
ments, i.e., low g,. Doing so minimizes the dependence
of the DTX bit-to-RF transfer on the actual drive voltage
offered to the gate of these segments (Vgs). This requires
a relatively low V; for the power stage.

2) Avoid mutual inductance in digital-to-RF-power die
interconnections to stay away from bit-to-bit interaction.

3) Reduce delay variation in the driver chain due to vari-
ation of the on-chip voltage (V) by adopting the
following strategies.

a) Take the CMOS controller supply decoupling
extremely serious even when it is supposed to be
“just” a digital circuit.

b) Make the tapered buffer chain as short as possible
(lower fpor, S0 lower absolute variation with Vcy).
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TABLE II

PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART DTXs AND DIGITAL PAs
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This work RFIC'16 [1] | PAWR'16 [2] | JSSC'17 [3] IMS'17 [4] | IMS'II [5]
180 nm 180 nm 130 nm 65 nm
Technology 40nm CMOS + LDMOS CMOS SOI CMOS SOI CMOS GaN CMOS +
+ GaN GaN
. Broadband Polar Multi-Phase Broadband Outphasing
Architecture Polar DTX Polar DTX Dlgtjl?)r(ty SC-PA EER DTX PA
fe (GHz) 2.1 0.9 0.9 1.8 2.1 1.95
Supply (V) 1.1/2.5/20 1.1/2.5/28 | 1.7/4.1/15 1.7/4.1 3 17 1.2/5.0/26
Prax (W) | 18,5 23.5@ 29.8% 2.8 2.0 0.398 25 19
Peak Drain Efficiency (%) | 66.70D 62.6% 40.00) 57.7 55.4 n/a 51.749 68.5®
Peak System Efficiency (%) | 60.41D 58.1@ 38.10 n/a n/a 24.9 n/a n/a
Bandwidth (MHz) 10 5.0 10 4.0 3.84
Signal Type wa 256-QAM o/a 16-QAM No dynamic | 64-QAM LTE 256-QAM WCDMA
EVM (%) 12 n/a signals used 35 1.149 n/a
ACLR; (dBc) -46.1 -36.6 -30.3 4439 -47

D43 % LO duty-cycle 2 Uncorrected LO duty-cycle (= 50 %) »Maximum output power “'Estimated from figure YEER stack efficiency ©No DPD

4) Use a finer (multilevel) thermometer coding, resulting in
better linearity and ENOB [similar to digital-to-analog
converters (DACs)].

5) Duty-cycle control should be implemented in a very
robust way to avoid jitter; therefore, analog duty-cycle
control loops can be best avoided.

6) Based on its digital amplitude data, the DTX can go
from full power to zero in a single sample, yielding
a very rapid change in the supply current, which, due
to the always present self-inductance in the dc bias
network, can cause a large overvoltage condition on the
RF output stage that can be easily damaged. Thus, soft
shutdown in a testing phase is essential.

In future implementations, when optimized LDMOS/GaN
technology and high-density interconnect (such as high-
density flip-chip) are available, the effective DTX resolution
(ENOB) and related linearity and bandwidth can be drastically
increased by using more and smaller segments. Also, the
overall DTX system efficiency would benefit strongly from
avoiding interdie ESD protection, which results in (unnec-
essary) additional capacitive loading of the CMOS drivers.
In such a situation, the overall TX system efficiency will
closely approach the drain efficiency of the RF power
technology used.

XI. CONCLUSION

World’s first bits-in-RF-out, fully digital mixing-DAC with
an output power above 10 W has been presented as a proof
of concept, focusing on output power and energy efficiency.
Depending on the operating mode, the RF output power varied
from 18.5, 23.5, and 29.8 W, with associated system efficien-
cies of 60.4%, 58.1%, and 38.1%, respectively. Compared to
prior-art DTX implementations, a 10x improvement in output
power has been achieved while yielding a record high peak
system efficiency. Equally important is the almost perfect
scaling of its total power consumption with the RF output
voltage delivered. Namely, it is this property that will enable
significant energy savings when applied in mMIMO base sta-
tions. Within the technology constraints for this demonstrator,
encouraging results were also obtained for modulated signals,

showing an ACLR of —46.1 dBc and an rms EVM of 1.2%
for a 10-MHz 256-QAM signal and an IM3 < —51.4 dBc for
an 80-kHz two tones. Although these are promising results,
more work is still needed. Namely, efficiency enhancement
techniques, such as Doherty or (mixed-mode) outphasing, need
to be applied to improve average efficiency. Furthermore,
to improve linearity, future DTX implementations should offer
a higher number of effective bits. This can be achieved by
improving the dc supply decoupling of the digital controller
to avoid any Vgs—Ips variation as well as minimizing g, in
the “ON”-state by even better shaping the Ips(Vgs) relation of
LDMOS or GaN technologies used in the segmented output
stage for the available driver voltage swing. Finally, more
advanced interconnect schemes need to be applied between
the CMOS controller and the segmented output stage, yielding
lower interconnect parasitics while allowing more thermome-
ter bits. When these issues are addressed, high-power DTX
solutions are ready to take over conventional analog solutions
and will offer higher system integration and higher function-
ality at lower costs and lower energy consumption.

APPENDIX A
POSTPRODUCTION TUNING OF THE DTX

The DTX demonstrator hardware and its class-BE output
matching network were designed together while assuming Vr
of 0.8 V. To deal with the uncertainty in realized V7, the
postproduction tuning possibilities of the DTX demonstrator
are evaluated next. Lowering the duty cycle d gives the output
stage more time in the “OFF’-state, resulting in a lower drain
voltage at the switching moment, yielding lower switching
losses.

Assuming Vr = 0.8 V and varying both d and Vip results
in the efficiency dependencies, as shown in Fig. 19. Note that
the drain efficiency can be slightly improved by decreasing d
to 40%. Decreasing d further degrades the efficiency due to
the finite rise and fall times of the driver. The impact of V7 is
evaluated in Fig. 20 for d = 50%, showing that, in general, the
drain efficiency increases for lower values for Vi p. However,
since the peak output power also drops, while Pcy for peak
output power remains constant, the overall system efficiency
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Fig. 20.  System and drain efficiencies versus Vip for potential realized
Vr-shifts, assuming a duty cycle of 50%.

drops. Decreasing Vr results in more output power, yielding
higher system efficiencies. For higher values of Vip, aside
from more switching-related losses, the nonlinear LDMOS
Cps changes to a lower value, resulting in a mismatch with
the desired class-BE loading, also causing a decrease in drain
efficiency.

APPENDIX B
DERIVATION OF THE CHAIN CAPACITANCE

From the definition in [25], the equivalent switch resistance
Ry is defined as the resistance that discharges the capacitive
load Cy, from V¢y, to Ve /2 in the same time as a fully modeled
nMOS device would or charges from 0 to Ve /2 in case of a
pMOS device. The related propagation delay for a step input
is tp = In (2) Ryr(Cyr,0, +Cr). To have the same delay for low-
to-high #, 7.7 and high-to-low ¢,;_, 5, the nMOS and pMOS
should have the same equivalent resistance Ry, = Ry p, =
Rgr.n, [Fig. 1(b)]. The effective input and output capacitances
of the k™ CMOS inverter in the chain (numbering starting
from the load) are then given by Cq;, = Car,ip, + Car,in, and
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Car,o, = Car,op, + Car,on,, respectively [Figs. 1(b) and 7(b)].
Furthermore, the technology-dependent self-loading factor is
defined as y = (Car,0,/Clr.i,)-

Then, from [25, eqgs. (5.30) and (5.37)], # sep, = tpo(1 +
(fx/y)) and t,, = t) sep, +MNtp,,,- Defining the tapered buffer
chain such that the propagation delays and effective fan-outs
are constant (i.e., 1, =1,Yk and f; = fVk) results in

tp(l - 7/) = tp,step (15)
and therefore
Ip
f@)=y|—M[1—-nl-1). (16)
lp()
Note that 1 — 5 = 1, ep/tp, Which can be empirically
determined for a buffer chain with f = 1, resulting in
1, t
f(tp)=y(—”ﬂ— 1). (17)
Ipo Ip,

Then, filling in ¢, = InQ)Ru(Caro, + Cr) + nt, =
ln(2)Rdr(Cdr,ol + CL)/(I - 7/) and Cdr,m = tpO/(ln(z)Rdrl)»
which results in (9).

The total segment capacitance is the sum of the load
capacitance and all the effective (including intrinsic) inverter
input and output capacitances

Cseg = Cp + Curo, + Caryiy + -+ + Caryoy + Cariy (18)
Caro, + Car,i Car,o, + Car,i
:CL_f_#_}_..._FW (19)
N—1
=CrL+ Cariy(1+7) D 7 (20)
k=0

giving (6) by the sum of a geometric series and that Cgy,;, =
CL/f. Then, by the definition of M [see (7)] and substituting
in N = logf F + 1, it gives

1+y(fCL—CdI,,»N)
f (f=DhCL )’

By assuming Cr(f — 1) >» Car, the last factor can be
approximated by f/(f — 1), giving (8).

An additional assumption made here is that the total number
of stages N is allowed to be fractional. Logically, the latter
cannot be implemented and should be rounded up. However,
this estimation is adequate since the smallest inverter stage
will have a negligible capacitance compared to the final
stage.

M=1+

21
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