Research Repository UCD

Title

The (R)evolution of Distributed Amplifiers: From Vacuum Tubes to Modern CMOS and GaN ICs

Authors(s)

Nikandish, Gholamreza, Staszewski, Robert Bogdan, Zhu, Anding

Publication date

2018-06

Publication information

Nikandish, Gholamreza, Robert Bogdan Staszewski, and Anding Zhu. “The (R)Evolution of
Distributed Amplifiers: From Vacuum Tubes to Modern CMOS and GaN ICs.” 1EEE, June 2018.
https.//doi.org/10.1109/MM M .2018.2813838.

Publisher

IEEE

Item record/more
information

http://hdl.handle.net/10197/10298

Publisher's statement

© 2018 |EEE. Personal use of this material is permitted. Permission from IEEE must be obtained
for all other uses, in any current or future media, including reprinting/republishing this material for
advertising or promotional purposes, creating new collective works, for resale or redistribution to
serversor lists, or reuse of any copyrighted component of thiswork in other works.

Publisher's version (DOI)

10.1109/MMM.2018.2813838

Downloaded 2026-06-25 08:14:55

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information



https://twitter.com/intent/tweet?via=ucd_oa&text=The+%28R%29evolution+of+Distributed+Ampli...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F10298

The (R)evolution of Distributed Amplifiers: From
Vacuum Tubes to Modern CMOS and GaN ICs

Gholamreza Nikandish, Member, IEEE, Robert Bogdan Staszewski, Fellow, IEEE,
and Anding Zhu, Senior Member, IEEE

I. INTRODUCTION

ROADBAND amplification of signals is desirable in

many applications such as high-speed data communi-
cations, high-resolution imaging systems, optoelectronics and
instrumentation systems. Wide bandwidth is one of the promi-
nent factors to be considered in designing such a system
since it determines ability of the system for transferring high-
data-rate information, transmitting/receiving short pulses, or
processing wideband signals. Designing broadband amplifiers
has always been challenging. The ever-increasing demand
for higher data-rates and low energy consumption in next
generation communication systems further complicates the
design of broadband amplifiers.

Distributed amplifiers (DA), also known as travelling-wave
amplifiers (TWA), are one of the most popular broadband
amplifier architectures. The DA architecture was originally
patented by Percival in 1936 [1] and later elaborated by
Ginzton in 1948 [2]. The early DAs were implemented using
vacuum tube technology. One of the first vacuum tube DAs
fabricated in 1950 is shown in Fig. 1. The amplifier included
three type 807 tubes and 482-Q) plate and grid lines. The
amplifier achieved a gain of 11 dB, bandwidth of 100 Hz
to 300 MHz, and a typical output power of 15 W [3].

The first Monolithic Microwave Integrated Circuit (MMIC)
DA was demonstrated by Ayasli in 1982 [4] using a Gallium
Arsenide (GaAs) MESFET technology. The amplifier, shown
in Fig. 2, included four transistors with 1-pum gate length and
50-Q input and output lines. It achieved 9-dB gain and 1-
13 GHz bandwidth. GaAs remained the main technology for
design of DAs until the inception of the first Indium Phosphide
(InP) DA in 1990 [5] with an impressive bandwidth of 5-100
GHz. GaAs and InP semiconductor technologies have been
predominantly employed in implementation of DAs. These
technologies provide superior performance resulting from their
high electron mobility, high saturated electron velocity, high
breakdown voltage, and high-resistivity substrate. The later
contributes to availability of low-loss integrated passive ele-
ments.

The market demands for low cost, small size, and low power
consumption of electronic systems has motivated researchers
to develop techniques to implement distributed amplifiers
using mainstream CMOS technologies. The first integrated
CMOS DA was presented by Kleveland in 1999 [6]. Recently,
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Fig. 1. A vacuum tube DA fabricated in 1950. It achieved 11-dB gain and
100 Hz to 300 MHz bandwidth [3].

Fig. 2. The first MMIC DA implemented in a 1-um GaAs MESFET
technology, with 9-dB gain, 1-13 GHz bandwidth, and 2.5 mm X 1.65 mm
chip size [4].

DA chips designed using Gallium Nitride (GaN) technologies
have been developed to provide high output power over a wide
bandwidth.

It is noteworthy that the distributed architecture can also
be adopted in other circuits to achieve broad bandwidth [7].
Examples include oscillators [8], power amplifiers [9], [10],
mixers [11], phase shifters [12], as well as power combiners
and splitters [13], [14]. Transversal filters are another impor-
tant circuit type that has been implemented using distributed
architectures for application in broadband optical communica-
tions [15], [16].

Through the years, many circuit techniques have been devel-
oped to improve performance of DAs in different technologies.
A review of the most important circuit developments and
state-of-the-art performance achieved in each process will be
presented in this paper.
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Fig. 3. The basic architecture of a distributed amplifier.

II. OPERATION PRINCIPLES

The basic architecture of a distributed amplifier is shown
in Fig. 3 where a cascade of identical transistors have their
gates connected to a transmission line with a characteristic
impedance Zy, and a length [, while the drains are connected
to a transmission line having a characteristic impedance Zyq,
with a length [;. The key idea of this architecture is to
operate multiple transistors in cascade to increase the gain
and simultaneously absorb their parasitic capacitances into the
gate and drain transmission lines to achieve a wide bandwidth.
The input voltage wave propagates through the gate line and
reaches the gate of the transistors with phase shifts. Each
transistor amplifies its gate voltage and generates a drain
current propagating through the drain line. If the gate and
drain line sections provide same phase shifts, i.e.,

Bylg = Bala, (1)

where 3, and f3; is the propagation constant of the gate and
drain line, respectively, the drain current waves reach the load
impedance and constructively add. The gate and drain lines
are terminated in their loaded characteristic impedance at the
other end to absorb waves traveling in the reverse directions.

Assuming the transconductance gain of each device is G,
and the output impedance seen by each transistor is half the
characteristic impedance of the transmission line, the voltage
gain of the DA is thus derived as

1
Ay = 5nGmZoq 2

where n is the number of stages and Zyg is characteristic
impedance of the drain line [2]. The gain of the DA can be
increased by using more gain stages n or higher transcon-
ductance G,,. Zyq is set by the output impedance matching
condition. It should be noted that (2) is derived assuming
lossless transmission lines. Considering loss of transmission
lines, the voltage wave amplitude attenuates when passing
through the gate and drain lines. This effect tends to degrade
the voltage gain when using more gain stages. Thus, there is
an optimum number of gain stages that maximizes the voltage
gain [17].

The circuit model of Fig. 3 is based on the assumption
that parasitic capacitances of the transistors are uniformly dis-
tributed along the transmission lines. Although fairly accurate
to describe the DA operation and derive its voltage gain for

Fig. 4. The DA architecture based on lumped-element artificial transmission
lines.

practical number of gain stages, this model cannot provide a
realistic estimation of the DA bandwidth. The DA can also
be modeled by lumped-element artificial transmission lines as
shown in Fig. 4. The DA analysis based on this model has
been presented in literature [17], [18]. The condition (1) is
modified as

L,Cy = LaCl, 3)

where C,; and Cy are capacitances at the gate and drain of
each transistor, while L, and Lg denote the inductance of the
gate and drain line sections, respectively. The bandwidth of
the DA is limited by the cut-off frequency of the gate and
drain lines. It is shown that the cut-off frequency is given by
2

Ve = S “4)
where L and C' are the inductance and capacitance of the
lumped-element line, assuming that gate and drain lines have
the same cut-off frequencies. The wave propagating through
the lumped-element line experiences significant attenuation
beyond the cut-off frequency. In order to achieve a high
bandwidth, small transistors should be used, but, this lowers
the gain of the DA. As the ratio L/C determines the charac-
teristic impedance of the lines, inductance L cannot be made
arbitrarily small to achieve higher bandwidth. Thus, there is a
trade-off between gain and bandwidth of the DA.

III. CIRCUIT DEVELOPMENTS
A. DA Using Improved Gain Stages

The input capacitance of transistors is the largest parasitic
capacitance that limits bandwidth of the DA. Capacitive cou-
pling is a solution proposed in [21] to mitigate the loading
effect of the gate-source capacitance on the gate line. A
capacitor is placed in series with the gate of transistors to
reduce the effective capacitance to Cys/(1 + Cys/C.) [Fig.
5(a)]. A large resistor in parallel with C. provides a path for
the gate bias. It is noted that voltage gain is also reduced
by the factor 1 4 Cy,/C. due to voltage division at input of
transistors. This technique is usually adopted in distributed
power amplifiers where the gate-source capacitance of large
transistors can limit bandwidth and gain is not the primary
design concern [22]-[24].



Fig. 5.  The most conventional circuit architectures used as gain stage of
DAs. (a) Capacitive coupling to reduce input capacitance of the transistors,
(b) Source RC' degeneration to reduce input capacitance of the transistors
and compensate losses arising from input resistance of the transistors as well
as transmission lines, (c) Bandwidth-enhanced cascode amplifier to improve
reverse isolation.

Another technique developed to reduce the loading effect
of the transistors input impedance is using a common-source
amplifier with RC' degeneration [Fig. 5(b)] as the gain stage
[25]-[31]. The input impedance of the amplifier is derived as a
series resistance and capacitance. i.e. Z;;, = R + 1/jwCiy,.
By proper setting of the circuit elements, the amplifier pa-
rameters are derived as R;, = 0, Cj, = Cgs/(1 + gmRs),
and G,, = gm/(1 + gmRs). Thus, the input capacitance is
reduced, at the cost of degraded transconductance. In practice,
the circuit elements are set to achieve negative input resistance.
It can be used to compensate loss of the gate transmission line
and input parasitic resistance of the transistor. The Darlington
amplifier can also provide a similar input impedance [32].

The cascode amplifier shown in Fig. 5(c) is a popular
architecture used to provide high isolation between input and
output of the DA. The inter-stage inductance moves the pole
associated with the inter-stage parasitic capacitance to higher
frequencies, and hence, improves bandwidth. Other techniques
to compensate the effects of loss and parasitic capacitance of
transistors are presented in [33]-[35].

In order to improve the gain of the DA, multi-stage ampli-
fiers are adopted as the gain stage [27], [36]-[39]. Bandwidth
enhancement techniques [40], [41] can be employed to avoid
bandwidth limitation by inter-stage parasitic capacitances. The
multi-stage amplifier proposed by [36] is shown in Fig. 6. The
stagger-tuning technique is used in the multi-stage amplifier
to improve gain flatness of the DA. The amplifier stages have
slightly different 3-dB bandwidths and gain peaking near the
cut-off frequency. The amplifier stages are properly adjusted
to provide an overall flat gain response. To this end, the inter-
stage inductance is scaled down by the factor £ = 1.3 from the
first toward the last stage. Using this technique, two DAs are
designed in a 0.18-ym CMOS process (Fig. 6). The first DA
comprises three gain stages using three cascaded amplifiers,
achieving 16.2 dB gain and 33.4 GHz bandwidth. The second
DA comprising two gain stages using four cascaded amplifiers
achieves 20 dB gain and 39.4 GHz bandwidth.

B. Cascaded DAs

Similar to other amplifier architectures, multiple DAs can be
cascaded to achieve higher gain. The cascaded single-stage DA

n stages

Fig. 6. The DA architecture using multi-stage amplifier with bandwidth
enhancement and stagger-tuning technique proposed by [36]. Two DA versions
are designed in a 0.18-um CMOS process.
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Fig. 7. The cascaded single-stage DA architecture.

(CSSDA) is an architecture developed to achieve high gain and
wide bandwidth (Fig. 7) [42]-[44]. The parasitic capacitances
of the transistors are absorbed in the transmission lines to
achieve wide bandwidth, while gain stages are cascaded to
increase overall gain. The inter-stage impedances can be
chosen higher than the input and output impedances to achieve
higher gain. In practice, as the number of transmission line
sections is limited, this architecture does not inherit all features
of a conventional DA such as wideband impedance matching
and flat gain response.

A technique based on using internal feedback to improve
the gain of the DA is proposed in [45]. A simplified amplifier
architecture based on this technique is shown in Fig. 8. The
signal amplified from port 1 to port 3 experiences the same
gain as the signal going from port 4 to port 2. Thus, by
providing a feedback between ports 3 and 4, the input signal
is amplified twice to reach port 2. The input and output
DA blocks are connected to this core DA block to provide
impedance matching. The undesired gain from port 4 to port
3 is the reverse gain of the DA [2] which is low for the typical
number of gain stages. This ensures stability of the DA with
feedback. This technique is adopted to design a broadband DA
with 74-GHz bandwidth and 19-dB gain in a 90-nm CMOS
technology.

C. Matrix DAs

The matrix DA is a structure developed to achieve higher
gain [46], [47]. A matrix DA with two rows is shown in
Fig. 9. The matrix DA offers both additive and multiplicative
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Fig. 8. The internal feedback technique proposed to improve gain of the

multi-stage DA and chip photograph of the DA implemented in a 90-nm
CMOS technology [45].
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Fig. 9. The matrix DA architecture comprising two rows.

amplification to achieve wideband and high-gain operation.
The gain of the matrix DA is higher than that of two cascaded
DAs because both the forward and reverse waves in the middle
line are amplified by the second row, while the reverse wave
is absorbed by the drain line termination in a conventional
DA. The characteristic impedance of the middle line Zj,, can
be chosen higher than Zy, and Zy4, which are determined by
impedance matching conditions, to improve gain of the matrix
DA. More rows can be added to further improve the gain of
matrix DAs.

D. DAs with Transformer Coupling

Using inductive coupling between inductors of the gate or
drain line can improve the bandwidth of the DA (Fig. 10)
[2], [49]. The negative inductive coupling between adjacent
inductors of the line is used to modify its features. It is
shown that characteristic impedance and cut-off frequency

of the line are derived as Zy = /(1 4+ k)L/C and w,. =
2/4/(1 — k)LC, indicating that both features are improved

Fig. 10. The DA architecture with inductive coupling between inductors of
the gate and drain line.

[2]. This allows using a smaller value of inductance to achieve
the same characteristic impedance, while extending the cut-off
frequency of the line.

The gate-drain capacitance of transistors is usually neglected
in the DA analysis. In a DA, gate-to-drain voltage gain of
the transistors increases from the first toward the last stage.
As a result, the gate-drain capacitances experience nonuniform
Miller multiplication. This lowers the characteristic impedance
of the lines, decreases bandwidth, and leads to inter-symbol
interference (ISI) in random data [50]. The gate-drain capac-
itance also degrades impedance matching and stability of the
DA [17]. In advanced technologies with shorter gate length,
the gate-drain capacitance exhibits other detrimental effects.
The capacitance effects can be mitigated by using cascode
amplifier as the gain stage. But, this entails its own issues
such as reduced output voltage swing and noise contribution
of the common-gate device at high frequencies. In [51], a
technique is proposed to cancel the gate-drain capacitance
over entire bandwidth of the DA. This technique is based on
using transformer coupling between the gate and drain lines
of the DA (Fig. 11). It is shown that the phase synchronization
condition L,Cy = L4C4 should be modified as

Ly(Cy + Cya) = La(Cyq + Cya), )

where Uy is the gate-drain capacitance of each transistor. The
optimum inductive coupling coefficient is derived as

1

YO &) ()

The required coupling coefficient is low. Thus, it can be easily
obtained over a wide bandwidth using edge-coupled microstrip
lines or partially-overlapped loop inductors.

In [51], two DAs are designed using this technique and
implemented in a 0.1-pym GaAs pHEMT process (Fig. 11). The
first DA has an average gain of 10 dB and 3-dB bandwidth of
2-41 GHz. The DA layout is folded to save chip area. Spacing
of the coupled line sections (50 pm) is determined based on
the required coupling coefficient (k,,; = 0.22) derived using
(6). Length and width of the gate and drain lines are tapered to
improve DA performance. The second DA comprises cascade
of two four-stage DAs and provides 19.2 dB average gain over
3-dB bandwidth of 2-39.5 GHz. As the gate-drain capacitance
is neutralized, a common-source amplifier is used as the gain

(6)

kopt =



Fig. 11.  Unilateralization of DA using transformer coupling between the
gate and drain lines and the chips implemented in a 0.1-um GaAs pHEMT
technology [51].

stage instead of the cascode amplifier. As a result, the DA can
operate with supply voltages as low as 0.5 V to reduce power
consumption, while its gain, bandwidth, and noise figure (NF)
are maintained.

The transformer coupling between gate and drain lines has
also been used to extend bandwidth of a DA using cascode
gain stages [52]. Two DAs are designed using this technique in
0.18-pm and 90-nm CMOS technologies. The 0.18-pm CMOS
DA provides a gain of 9.5 dB and 3-dB bandwidth of 32 GHz,
while consuming 71 mW DC power. The 90-nm CMOS DA
achieves gain of 7 dB, 3-dB bandwidth of 61.3 GHz, and
consumes 60 mW DC power.

E. Nonuniform DAs

Nonuniform DA architectures can provide superior per-
formance compared to a conventional uniform DA. Several
nonuniform design techniques have been proposed including
tapering the width of the drain line sections, tapering the length
of the gate and drain line sections, and using unequal width
of transistors.

The DA with tapered width of the drain line sections, or
equivalently scaled characteristic impedance of the drain line,
was first introduced in 1948 [2]. As shown in Fig. 12, the char-
acteristic impedance of the drain line sections is scaled from
Z at the first section to Zy/n at the last section. The drain line
termination resistance is eliminated. In the conventional DA,
the drain current wave of the transistors equally propagates
toward the forward and reverse paths as the two paths exhibit
the same impedance. However, in this DA structure, a larger
part of the drain current wave propagates toward the forward
path, improving forward gain and reducing reverse gain of the
DA. This technique has been widely adopted in distributed
power amplifiers to improve output power [22], [24], [53]-
[56]. There are some issues, however, in implementation of

Fig. 12. The DA architecture with tapered width of the drain line sections.
The tapered characteristic impedance of the drain line sections directs higher
part of the drain currents toward the load impedance and improves output
power and efficiency of the DA.

this DA structure. For a large number of gain stages n, lines
with very high characteristic impedance may be needed which
may not be realizable. The output impedance matching may
also be degraded due to reflections at the drain of transistors
in absence of the drain termination resistance.

Tapering the length of the gate line sections is another
technique to improve input impedance matching of the DA
[57]. It is shown by gradually decreasing the length of the gate
line sections, input impedance matching is improved while
ripple in the gain of the DA is reduced. In [58], the length
of the gate and drain line section are tapered to improve gain
and bandwidth of the DA. In [59], a design technique for
nonuniform DAs using filtering structures is proposed. The
gate and drain lines are synthesized as low-pass filters. This
technique allows better control over pass-band and stop-band
frequency response of the DA.

Transistor width optimization is another nonuniform design
technique that was first proposed in [48] to lower NF and
power consumption of the DA. For a given total bias current,
the optimally weighted DA can achieve lower NF compared to
a conventional DA. A simplified architecture of the weighted
DA is shown in Fig. 13. The width of the transistors gradually
reduces from that of the first stage, reaching a minimum at
the third stage, and then increases approaching the final stage.
The inter-stage inductance is used to mitigate the effect of the
interstage parasitic capacitance on bandwidth of the cascode
amplifier. As the parasitic capacitances of the transistors are
scaled proportional with their width, inductance values are
scaled proportional to the inverse of the width to maintain
constant bandwidth in all gain stages. The inductive coupling
between inductors is used to improve the effective inductance
of the gate and drain lines.

In [28], a design technique for distributed power ampli-
fiers is proposed that adopts drain line impedance tapering
and transistor width scaling to improve output power and
efficiency. In a conventional DA, amplified signals at the
drain line are add up constructively as they travel toward
the load impedance [Fig.14(a)]. The largest voltage swing
occurs at the last stage. By increasing the input power, the
last stage saturates while preceding stages never reach this
limit. Thus, the preceding stages contribute less to the output
power while consuming the same bias currents. This degrades
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Fig. 13. The weighted DA architecture proposed to lower NF and power
consumption of the DA [48].

Fig. 14. Large-signal operation of (a) conventional DA and (b) nonuniform
DA with scaled width of transistors and collector line.

efficiency of the power amplifier. A solution is to scale up
the impedance of the drain line from the last stage toward
the first stage, while bias and width of transistors are scaled
down in the same direction [Fig.14(b)]. A DA is fabricated
in a 0.13-um SiGe (Silicon Germanium) BiCMOS process
using this technique. An RC' emitter degeneration technique
is adopted to compensate base resistance of the transistors
(Fig.15). The DA achieves 10 dB small-signal gain, 110 GHz
bandwidth, mid-band saturated output power of 17.5 dBm
and peak power-added efficiency (PAE) of 13.2%. Another
technique for efficiency enhancement of the DA based on
supply voltage scaling is proposed in [29]. Instead of tapering
the transmission lines, the supply voltage of the transistors
can be scaled from the last stage toward the first stage to
improve power efficiency of the DA. An eight-stage DA with
four supply voltages of 2.7, 3.2, 3.6, and 4 V is fabricated
using a 90-nm SiGe BiCMOS technology. The DA achieves a
gain of 12 dB over a 3-dB bandwidth of 14-105 GHz, the peak
output power of 17 dBm, and the peak PAE of 12.6%. Other
design techniques for nonuniform distributed power amplifiers
are presented in [55] and [60].

Wena=Tum
Witar=2pum

Stage index

BJT size (nm)

Fig. 15. The stage-scaled distributed power amplifier implemented in a 0.13-
pm SiGe BiCMOS technology [28].

Fig. 16. Main noise sources in the DA, including termination resistances of
the gate and drain lines as well as input and output noise current sources of
the transistors.

F. Low-Noise DAs

The DA can be designed as a broadband low-noise amplifier.
The main noise sources in a DA are shown in Fig. 16. A
comprehensive noise analysis developed by Aitchison in 1985
[19] indicates that noise factor of the DA is given by

F=1+Fg;+ Fr, +Fi,, + Fi,, @)

where Fr, and Fr, denote contributions of the gate and
drain termination resistances, while F; , and F;  denote
contributions of the transistors drain and gate current thermal
noise sources in the DA noise factor. Analytical expressions
for these noise factor terms are presented in [19]. In Fig. 17,
the four terms of the noise factor defined in (7) are plotted in
terms of normalized frequency (w/w.). The DA is composed
of 8 gain stages, with transconductance of 80 mS and cut-
off frequency of fr =130 GHz. The power density of the
drain and gate current thermal noise sources are defined as
2, = 4kTgy and 2, = AkTOw>C2, /g, with v = 2/3
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Fig. 17. The four terms of DA noise factor. Low-frequency noise factor is
dominated by noise of the gate termination resistance, while high-frequency
noise factor is mainly determined by the gate current noise of transistors.
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Fig. 18. Modified termination of the gate line using (a) active network, (b)
passive network.

and § = 4/15, which are the values derived for long-channel
devices [20]. The transmission lines have a characteristic
impedance of 50 € and cut-off frequency of f. = 65 GHz.
The noise factor is dominated by noise of the gate termination
resistance at low frequencies, while at high frequencies is
mainly determined by the gate current noise of transistors.

Some techniques have been proposed to improve noise per-
formance of the DA [34], [61]-[65]. As previously mentioned,
the NF of the DA at low frequencies is limited by the noise
contribution of the gate resistance. The gate termination resis-
tor can be replaced by an active circuit as shown in Fig. 18(a),
providing a 50-Q2 impedance while contributing less thermal
noise [61], [62]. The parasitic gate-source capacitance of the
transistor can limit bandwidth of this circuit. Extra inductors
are added to compensate the parasitic capacitance effect and
improve matching at high frequencies. A passive network
shown in Fig. 18(b) can also replace the gate termination
resistor [34]. The network exhibits the resistance R4 at low
frequencies, which is smaller than Zy,, to lower NF at these
frequencies, while its impedance increases to [241+Rg9 at high
frequencies to maintain impedance matching. The improved
NF at low frequencies is obtained at the cost of degraded
input impedance matching.

In the DA architecture proposed in [63], the gate termination
resistor is eliminated and the last gain stage is modified
as a wideband matched feedback amplifier (Fig. 19). It is

1a/2

l’d ld

Fig. 19. The DA architecture with gate resistance termination replaced
by a wideband matched feedback amplifier and chip photograph of the DA
implemented in a 0.15-um GaN HEMT technology [63].

shown that compared to the active gate termination previously
presented, this DA architecture achieves superior linearity. The
DA provides lower NF as a result of improved matching of
transistors to their optimum noise impedance. A 0.1-45 GHz
DA is designed using a 0.15-um GaN HEMT technology. The
DA provides over 10 dB gain, average mid-band NF of 2.5-3
dB, and saturated output power of 1 W.

A design technique for tapered distributed low-noise am-
plifiers is presented in [65]. The gate and drain lines are
considered as a cascade of lumped-element 7' sections with
their inductance and capacitance tapered by constant factors
(Fig. 20). The gate and drain termination resistances are
modified based on the tapering factors. The optimal tapering
factors for inductances of the gate line K ,, inductances of the
drain line K4, and transconductances of the gain stages K,
can be determined based on gain, bandwidth, and NF contours.
Using this technique, a low-noise tapered DA is designed and
implemented in a 0.1-um GaAs pHEMT process (Fig. 20). The
chosen optimal design point is marked by an asterisk. The DA
achieves average gain of 15.2 dB and 3-dB bandwidth of 43.3
GHz. The average NF is 2.3 dB over the frequency band 2-40
GHz.

IV. STATE-OF-THE-ART PROCESSES
A. GaAs DAs

The first MMIC DA designed using a 1-ym GaAs MESFET
process was reported in 1982 [4]. It achieved 9-dB gain
over 1-13 GHz. Later in 1985, a GaAs DA with 2-40 GHz
bandwidth and 4-dB gain was presented [66]. Since then,
GaAs has been the dominant technology for implementation of
commercial DAs. Several GaAs designs have been reported in
the literature [26], [51], [62], [65], [67]-[72]. GaAs technology
provides several advantages for DA implementation. It offers
low-loss transmission lines and passive elements resulting
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Fig. 20. The tapered distributed low-noise amplifier design technique using contours of gain, bandwidth, and NF. The chosen optimal design point is marked
by an asterisk. A tapered low-noise DA with over 40-GHz bandwidth is implemented in a 0.1-um GaAs pHEMT technology [65].

from semi-insulating GaAs substrate and thick metal layers.
Moreover, accurate process design kits (PDKs) are available
from GaAs foundries which are essential in design of high-
frequency integrated DAs. A performance summary of state-
of-the-art GaAs DAs is given in Table I. The minimum NF
and maximum output 1-dB compression point (P14p) are
reported in the table. The GaAs DAs provide low NF and good
linearity, while their power consumption is relatively high. The
maximum bandwidth of 65 GHz and GBW of 500 GHz are
achieved using GaAs technologies.

B. InP DAs

The first demonstration of an InP-based MMIC DA was
reported in 1990 [5]. An impressive bandwidth of 5-100
GHz with 5.5 dB average gain was achieved using a 0.1-
pm InP HEMT process. InP has been a popular process in
implementation of extremely wideband DAs [5], [27], [74]-
[82]. A performance summary of state-of-the-art InP DAs is
presented in Table II. The table indicates bandwidths over 100
GHz can be readily achieved using InP technologies.

In [77], an amplifier with 45-GHz bandwidth and 30-dB
gain is reported using an InP double heterojunction bipo-
lar transistor (DHBT) technology. InP DHBTSs offer higher
bandwidth compared to a transistor with the same feature

size in Si and SiGe technologies.The amplifier comprises a
lumped input stage followed by a distributed output stage
(Fig. 21). The input stage consists of a differential current-
mode logic (CML) inverter preceded by two cascaded emitter
followers to reduce input parasitic capacitance. The output
distributed stage consists of six differential amplifier cells
and employs coplanar wave-guide (CPW) transmission lines.
The gain cells, shown in Fig. 21, use multiple bandwidth
enhancement techniques including use of a double emitter
follower, emitter RL degeneration in the cascode stage, series
inductive peaking at the inter-stage of common-emitter and
common-base devices, as well as shunt inductive peaking at
the output of the cascode stage. The design approach can
be considered a solution to mitigate the low gain issue of
conventional DAs.

In [82], DAs with record bandwidth are reported using an
InP DHBT technology (Fig. 22). A cascode amplifier with
inter-stage and output bandwidth enhancement is used as the
gain cell. The single-stage DA achieves 7.5-dB gain and 192-
GHz bandwidth, while consuming 40 mW DC power. The
two-cascaded single-stage DA achieves an average gain of 16
dB with a bandwidth of 235 GHz and thus a GBW of 1480
GHz. The chip DC power consumption is 117 mW.



TABLE I
PERFORMANCE SUMMARY OF STATE-OF-THE-ART GAAS DAS.

Ref. BW Gain GBW NF Pigg Pac Technology
(GHz) (dB) (GHz) (dB) (dBm) (mW)
[26] 27.5 12.7 119 4.0 - 650 HBT
[51] 37.5 19.2 342 23 12.6 131 0.1-pgm pHEMT
[62] 44 9 124 54 - 1000 0.2-um MESFET
[65] 433 152 249 2.0 9.5 110 0.1-pm pHEMT
[67] 65 134 304 2.0 11.0 105 0.15-pm mHEMT
[68] 399 22 503 - 10 484 0.15-pm pHEMT
[69] 54 15 304 - 20 1100 0.15-pm pHEMT
[70] 50 12.5 211 2.5 - 400 0.1-pm mHEMT
[71] 345 20.1 349 - 25.1 1300 0.15-pm pHEMT
[71] 41 13.2 187 - 24.6 1860 0.15-pym pHEMT
[72] 435 8.5 116 4.2 8 225 0.5/0.2-pm HEMT/HBT
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Fig. 21. The broadband amplifier architecture comprising a lumped driver
amplifier followed by a distributed output stage, providing 30-dB gain and
45-GHz bandwidth in an InP DHBT technology [77].

C. CMOS DAs

In recent years, CMOS has been the most attractive technol-
ogy to implement high-frequency integrated circuits because
of its low cost, low power consumption, and potential for
integration with baseband circuits. The first CMOS DA re-
ported in 1999 [6] was implemented in a 0.18-um process.
Gain was 5 dB at low frequencies and bandwidth was quite
limited. DAs have since been reported in more advanced
CMOS technologies, achieving superior performance. The
main challenge in implementation of CMOS DAs is the high
loss of transmission lines arising from lossy Si substrate and
thin metal layers. This results in lower gain and higher NF
compared to GaAs DAs. Also, lower breakdown voltage of
CMOS transistors limits output power and linearity of the
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Fig. 22. The single-stage DA with 192-GHz bandwidth and the two-cascaded
single-stage DA featuring 235-GHz bandwidth [82]. These InP DHBT DAs
achieve widest bandwidths reported in any technology.

DA. The main advantages of CMOS DAs are lower power
consumption and wider bandwidth resulting from high-speed
transistors in advanced nano-scale CMOS technologies. A
summary of state-of-the-art CMOS DAs is presented in Table
III. A bandwidth of 80 GHz using a 90-nm CMOS process
[83] and a bandwidth of 92 GHz using a 45-nm silicon-on-
insulator (SOI) CMOS process [92] are achieved. The SOI
CMOS technologies can offer lower NF arising from lower
loss of the insulator substrate. In [90], a DA with average
gain of 9.7 dB over 10-59 GHz is designed using a 90-nm
SOI CMOS process. The DA exhibits an impressive noise
performance, achieving NF below 3.8 dB from 0.1 to 40 GHz.
In [86], a low-power design approach for the DA is presented,
leading to a 0.18-ym CMOS DA with 7-GHz bandwidth and
8-dB gain, consuming only 9 mW DC power.

In [58], a cascaded three-stage DA with 14-dB gain and



TABLE II
PERFORMANCE SUMMARY OF STATE-OF-THE-ART INP DAS.
Ref. BW Gain GBW Py, Technology
(GHz) (dB) (GHz) (mW)
[5] 95 5.5 179 - 0.1-pm HEMT
[27] 102 10 323 150 DHBT
[27] 94 12 374 460 DHBT
[27] 80 11 28 224 DHBT
[74] 111 7 248 - 0.1-pgm HEMT
[74] 156 5 2717 - 0.1-pm HEMT
[74] 180 5 320 - 0.1-pm HEMT
[75] 892 10 282 860 0.1-pm HEMT
[76] 92 13 411 800 0.1-pm HEMT
[77] 50 25 889 1700  1.2-pm DHBT
[77] 45 30 1423 3000  1.2-pum DHBT
[77] 60 17 425 2500  1.2-pm DHBT
[78] 120 21 1346 610 0.7-pm DHBT
[79] 70 12.8 306 105 TS HBT
[80] 90 15 506 - 0.7-um DHBT
[80] 110 13 491 - 0.7-pm DHBT
[81] 182 10 576 105 0.25-pym HBT
[82] 192 7.5 455 40 0.25-pm DHBT
[82] 235 16 1483 117 0.25-pm DHBT
[82] 180 12.8 786 110 0.25-pum DHBT

73.5-GHz bandwidth is designed using a 90-nm CMOS pro-
cess (Fig. 23). An elevated CPW (E-CPW) transmission line
structure is used to increase characteristic impedance and
lower loss of the lines. The length of the gate and drain line
segments are tapered to improve gain and bandwidth of the
DA.

D. SiGe BiCMOS DAs

The DAs implemented in SiGe BiCMOS technologies can
provide much higher bandwidth compared to CMOS pro-
cesses. The SiGe technologies offer transistors with higher
cut-off frequency and low-loss transmission lines and pas-
sive elements. In Table IV, performance of state-of-the-art
SiGe BiCMOS DAs is summarized. It is noticed DAs with
bandwidth exceeding 100 GHz and GBW of 1500 GHz
are reported. The achieved bandwidth values are comparable
with that obtained using InP technologies, while DC power
consumption is lower.

In [31], a DA with 170-GHz bandwidth and 10-dB gain is
presented using a 130-nm SiGe BiCMOS technology. The fre-
quency behavior of gain stage transconductance G, is shaped
to compensate for loss of the input line at high frequencies.
The schematic of the gain cell is shown in Fig. 24, where
a triple cascode amplifier is used to provide high isolation
between input and output. Emitter RC' degeneration is used to
compensate for loss of the input line, while capacitive coupling
is used to reduce parasitic capacitance loading on the input
line. The boosting of G, at high frequencies is achieved by
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Fig. 23.  The cascaded three-stage DA using elevated CPW lines to provide
higher impedance and lower loss. The DA is implemented in a 90-nm CMOS
technology [58].

TABLE III
PERFORMANCE SUMMARY OF STATE-OF-THE-ART CMOS DAS.

Ref. BW Gain GBW NF Pig Pac Technology
(GHz) (dB) (GHz) (dB) (dBm) (mW)
[33] 439 9.8 136 - - 103 130 nm
[36] 334 16.2 216 - - 260 180 nm
[36] 394 20 394 - - 250 180 nm
[39] 65 22 818 6.9 10 97 65 nm
[45] 74 19 660 52 3.7 84 90 nm
[48] 12 15 67 2.3 8 26 130 nm
[52] 613 7 137 - - 60 90 nm
[58] 735 14 368 - 32 84 90 nm
[83] 80 74 188 - 8 120 90 nm
[84] 70 7 157 - 10 122 90 nm
[85] 44 19 392 - - 57 90 nm
[86] 7 8 18 42 - 9 180 nm
[87] 33 24 523 6.5 7.5 238 180 nm
[88] 30 7 67 4 2 34 40 nm
[89] 87 5 155 - - 90 120 nm SOI
[89] 81 9 228 5.5 10 130 120 nm SOI
[90] 59 8 148 32 12.5 132 90 nm SOI
[92] 92 9 259 - - 73.5 45 nm SOI

resonance of the two inter-stage inductances with inter-stage
parasitic capacitances. This leads to a peak in G,, at high
frequencies that is used to compensate for the increase in loss
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Fig. 24.  The triple cascode amplifier architecture used as the gain stage
in a 170-GHz bandwidth DA implemented using a 0.13-pum SiGe BiCMOS
technology [31].

TABLE IV
PERFORMANCE SUMMARY OF STATE-OF-THE-ART SIGE BICMOS DAs.

Ref. BW Gain GBW Pg. Technology
(GHz) (dB) (GHz) (mW)
[28] 110 10 348 119 130 nm
[29] 91 12 362 297 90 nm
[30] 95 24 1506 2475 130 nm
[31] 170 10 538 108 130 nm
[35] 294 132 134 136 130 nm
[55] 11 12 44 400 250 nm
[93] 13 26 259 82 120 nm
[94] 170 13 759 74 130 nm
[95] 180 18.7 1550 86 130 nm
[96] 135 8.5 360 99 55 nm

of the lines, and thus, extend the bandwidth of the DA.

E. GaN DAs

The high power capability of GaN technology has made it
an attractive solution for power amplifier design. A relatively
small GaN transistor can provide an output power level that
is not feasible using other high-power processes, making it
a good candidate for implementation of wideband DAs with
high output power. A performance summary of state-of-the-art
GaN DA is presented in Table V. The GaN DAs are primarily
targeted to provide high output power and efficiency. Output
power and PAE approaching 20 W and 35% can be achieved
using GaN DAs.

In [22], a distributed power amplifier comprising ten stages
is implemented using a 0.25-ym GaN on SiC HEMT tech-
nology with 30 V supply voltage (Fig. 25). The DA adopts
tapered width of the drain line sections to improve output
power and also uses the input capacitive coupling technique
to reduce input parasitic capacitance of the transistors. The
amplifier achieves 10 dB small-signal gain, 9-15 W saturated

Fig. 25. The nonuniform distributed power amplifier with 9-15 W output
power implemented using a 0.25-um GaN HEMT technology [22].

output power, and 20-38% PAE over 1.5-17 GHz bandwidth.

In [23], a two-stage distributed power amplifier is designed
using a 0.2-pm dual-gate GaN HEMT technology (Fig. 26). A
low inter-stage impedance of 25 (2 is chosen for two reasons:
The lower impedance leads to larger width of the transistors
in the output stage, increasing output power without reducing
bandwidth. The lower impedance also keeps the inter-stage
transmission lines short, saving chip area. A capacitive division
technique is used in the second stage to further enhance the
output power. The DA achieves small-signal gain of 20 dB
over 2-18 GHz, saturated output power of 0.8-2 W, and PAE
of 5-15%.

In [54], a balanced power amplifier using two DAs with
tapered width of the drain line and scaled size of transistors
is implemented in a 0.25-pum GaN process with 40 V supply
voltage (Fig. 27). The balanced amplifier exhibits small-signal
gain of 8-10 dB, average output power of 12.9 W, and average
PAE of 18% over 6—18 GHz. The maximum measured output
power is 13.5 W.

V. CONCLUSION AND FUTURE TRENDS

Bandwidth and gain are usually used as the main per-
formance metrics for DAs. The performance trends of DAs
designed using various technologies are illustrated in Figs. 28
and 29. Fig. 28 indicates that bandwidths over 100 GHz have
been achieved by using InP and SiGe processes. GBWs over
500 GHz can also be obtained by using these two processes
with a few others in CMOS. Fig. 29 indicates that before
the year 2000, DAs had been mainly implemented in GaAs
and InP technologies. CMOS, SiGe and GaN technologies
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Fig. 26. The two-stage distributed power amplifier implemented using a
0.2-pm dual-gate GaN HEMT technology [23].

TABLE V
PERFORMANCE SUMMARY OF STATE-OF-THE-ART GAN HEMT DAS.
Ref. BW Gain GBW Psat PAE  Technology
(GHz) (dB) (GHz) W) (%)
[22] 15.5 10 49 9-15 20-38 0.25 pm
[23] 16 20 160 0.8-2 5-15 0.2 pm
[24] 34 14 170 0.5 5 0.1 pm
[53] 13 11.5 49 5.5 25 0.25 pm
[54] 12 10.4 40 12.9 18 0.25 pm
[63] 449 10 142 1-2 - 0.15 pm
[73] 14 10 44 44 16 0.2 pm
[97] 49 5.2 89 - - 0.2 pm
[97] 30 12 119 1 16 0.2 pm
[98] 18 12 72 10-20.6  25-36 0.2 pm
[99] 16 12 64 11-16  25-38 0.25 pm
[100] 25 15 140 2.5 12 0.14 pym

have become popular in recent years for designing DAs. In
particular, CMOS technologies with continuous gate-length
scaling have offered high-speed transistors with cut-off fre-
quencies approaching several hundreds of gigahertz. SiGe
has also proven itself as a promising solution to achieve
bandwidths comparable and even larger than what in the past
was only feasible using InP. In the future, it is expected

Output

Fig. 27. The balanced distributed power amplifier with 12.9 W average
output power implemented using a 0.25-um GaN technology [54].
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Fig. 28.  Gain and bandwidth performance of integrated DAs in various
technologies.

that further wider bandwidths can be achieved, specifically by
using CMOS and SiGe technologies. GaN is also experiencing
rapid advancements, paving the way for realization of high-
power broadband DAs. These advancements will open up new
opportunities for future broadband communication systems.

VI. ACKNOWLEDGMENT

This research has received funding from the European
Unions Horizon 2020 Research and Innovation Program under
the Marie Sklodowska-Curie Grant Agreement No. 713567,
and Science Foundation Ireland (SFI) under Grant Numbers



1600
¢ GaAs |
1400 +|{mip | B
ASiCMOS
1200 11 soicmos |
ﬁ»]ooo 4 SiGeBICMOS | __ ...
5 0GaN -
> i T Ao [
OB B00 f A o
. [ A
400 ------nmoenenees T
R . :
% x
200 f--ooe KA o
A4 Ag o A A
0 — 40 00 O 2 |
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Year
Fig. 29. Gain-Bandwidth performance trend of DAs in the past decades.

13/RC/2077 and 12/1A/1267.

REFERENCES

[1] W. S. Percival, “Thermionic valve circuits,” British Patent Specification,
no. 460,562, filed Jul. 1936, granted Jan. 1937.

[2] E. L. Ginzton, W. R. Hewlett, J. H. Jasberg, and J. D. Noe, “Distributed
amplification,” Proc. IRE, vol. 36, no. 8, pp. 956-969, Aug. 1948.

[3] A. P. Copson, “A distributed power amplifier,” Electrical Engineering,
vol. 69, no. 10, pp 893-898, Oct. 1950.

[4] Y. Ayasli, R. L. Mozzi, J. L. Vorhaus, L. D. Reynolds, and R. A. Pucel,
“A monolithic GaAs 1-13-GHz travelling-wave amplifier,” IEEE Trans.
Microwave Theory Techn., vol. MTT-30, pp. 976-981, July 1982.

[5S] R. Majidi-Ahy et al., “5-100 GHz InP coplanar waveguide MMIC
distributed amplifier,” IEEE Trans. Microw. Theory Techn., vol. 38, pp.
1986-1991, Dec. 1990.

[6] B. Kleveland, C. H. Diaz, D. Dieter, L. Madden, T. H. Lee, and S.
S. Wong, “Monolithic CMOS distributed amplifier and oscillator,” [EEE
ISSCC Dig. Tech. Papers, Feb. 1999, pp. 70-71.

[7]1 A. Hajimiri, “Distributed integrated circuits: An alternative approach to
high-frequency design,” IEEE Commun. Mag., vol. 40, no. 2, pp. 168—
173, Feb. 2002.

[8] H. Wu and A. Hajimiri, “Silicon-based distributed voltage controlled
oscillator,” IEEE J. Solid-State Circuits, vol. 36, no. 3, pp. 493-502, Mar.
2001.

[9] 1. Aoki, S. D. Kee, D. Rutledge, and A. Hajimiri, “Distributed active
transformer: A new power combining and impedance transformation
technique,” IEEE Trans. Microw. Theory Techn., vol. 50, no. 1, pp. 316—
331, Jan. 2002.

[10] K. Narendra, and A. Grebennikov, Distributed Power Amplifiers for RF
and Microwave Communications, Norwood, MA, Artech House, 2015.

[11] A. Safarian, A. Yazdi, and P. Heydari, “Design and analysis of an ultra
wideband distributed CMOS mixer,” IEEE Trans. Very Large Scale Integr.
(VLSI) Syst., vol. 13, no. 5, pp. 618-629, May 2005.

[12] F. Ellinger et al., “Integrated adjustable phase shifters,” IEEE Microw.
Mag., vol. 11, no. 6, pp. 97-108, Oct. 2010.

[13] R. Majidi-Ahy et al., “4-40 GHz MMIC distributed active combiner
with 3 dB gain,” Electron. Lett., vol. 28, no. 8, pp. 739-741, Apr. 1992.

[14] M. Ferndahl and H. O. Vickes, “The matrix balun—A transistor-based
module for broadband applications,” IEEE Trans. Microw. Theory Techn.,
vol. 57, no. 1, pp. 53-60, Jan. 2009.

[15] A. Borjak, P. Monteiro, J. O’Reilly, and 1. Darwazeh, “High-speed gen-
eralized distributed-amplifier-based transversal-filter topology for optical
communication systems,” IEEE Trans. Microwave Theory Techn., vol. 45,
pp. 1453-1457, Aug. 1997.

[16] H. Wu et al., “Integrated transversal equalizers in high-speed fiber-optic
systems,” IEEE J. Solid-State Circuits, vol. 38, no. 12, pp. 2131-2137,
Dec. 2003.

[17] T. T. Y. Wong, Fundamentals of Distributed Amplification.
MA: Artech House, 1993.

[18] T. H. Lee, Planar Microwave Engineering.
bridge University Press, 2004.

Boston,

Cambridge, U.K.: Cam-

[19] C. S. Aitchison, “The intrinsic noise figure of the MESFET distributed
amplifier,” IEEE Trans. Microw. Theory Techn., vol. MTT-33, no. 6, pp.
460-466, Jun. 1985.

[20] A. Van der Ziel, “Thermal noise in field effect transistors,” Proc. IRE,
vol. 50, no. 8, pp. 1808-1812, Aug. 1962.

[21] Y. Ayasli, S. W. Miller, R. Mozzi, and L. K. Hanes, “Capacitively
coupled traveling wave power amplifier,” IEEE Trans. Microw. Theory
Techn., vol. 32, pp. 1704-1709, Dec. 1984.

[22] C. Campbell, C. Lee, V. Williams, M. Kao, H. Tserng, P. Saunier, and
T. Balisteri, “A wideband power amplifier MMIC utilizing GaN on SiC
HEMT technology,” IEEE J. Solid-State Circuits, vol. 44, no. 10, pp.
2640-2647, Oct. 2009.

[23] R. Santhakumar, B. Thibeault, M. Higashiwaki, S. Keller, Z. Chen, U.
K. Mishra, and R. A. York, “Two-stage high-gain high-power distributed
amplifier using dual-gate GaN HEMTs,” IEEE Trans. Microw. Theory
Techn., vol. 59, no. 8, pp. 2059-2063, Aug. 2011.

[24] P. Dennler, D. Schwantuschke, R. Quay, and O. Ambacher, “8-42
GHz GaN non-uniform distributed power amplifier MMICs in microstrip
technology,” in IEEE MTT-S Int. Microwave Symp. Dig., 2012, pp.1-4.

[25] K. W. Kobayashi, R. Esfandiari, and A. K. Oki, “A novel HBT
distributed amplifier design topology based on attenuation compensation
techniques,” IEEE Trans. Microw. Theory Techn., vol. 42, no. 19, pp.
2583-2589, Dec. 1994.

[26] S. Mohammadi, J.-W. Park, D. Pavlidis, J.-L. Guyaux, and J. C. Garcia,
“Design optimization and characterization of high-gain GaInP/GaAs HBT
distributed amplifiers for high-bit-rate telecommunication,” IEEE Trans.
Microw. Theory Techn., vol. 48, no. 6, pp. 1038-1044, Jun. 2000.

[27] K. Schneider et al., “Comparison of InP/InGaAs DHBT distributed
amplifiers as modulator drivers for 80-Gbit/s operation,” IEEE Trans.
Microw. Theory Techn., vol. 53, no. 11, pp. 3378-3387, Nov. 2005.

[28] J. Chen and A. M. Niknejad, “Design and analysis of a stage-scaled
distributed power amplifier,” IEEE Trans. Microw. Theory Techn., vol.
59, no. 5, pp. 1274-1283, May 2011.

[29] K. Fang, C. S. Levy, and J. F. Buckwalter, “Supply-scaling for effi-
ciency enhancement in distributed power amplifiers,” IEEE J. Solid-State
Circuits, vol. 51, no. 9, pp. 1994-2005, Sep. 2016.

[30] A. Arbabian and A. M. Niknejad, “A three-stage cascaded distributed
amplifier with GBW exceeding 1.5 THz,” in IEEE RFIC Symp., 2012,
pp. 211-214.

[31] P. V. Testa, G. Belfiore, R. Paulo, C. Carta, and F. Ellinger, “170 GHz
SiGe-BiCMOS loss-compensated distributed amplifier,” IEEE J. Solid-
State Circuits, vol. 50, no. 10, pp. 2228-2238, Nov. 2015.

[32] G. Nikandish and A. Medi, “Design and analysis of broadband Darling-
ton amplifiers with bandwidth enhancement in GaAs pHEMT technol-
ogy,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 8, pp. 1705-1715,
Aug. 2014.

[33] K. Moez and M. Elmasry, “A 10 dB 44 GHz loss-compensated CMOS
distributed amplifier,” in Int. Solid-State Circuits Conf. Tech. Dig., Feb.
2007, pp. 548-549.

[34] K. Moez and M. I. Elmasry, “A low-noise CMOS distributed amplifier
for ultra-wide-band applications,” IEEE Trans. Circuits Syst. II, Exp.
Briefs, vol. 55, no. 2, pp. 126-130, Feb. 2008.

[35] A. Ghadiri and K. Moez, “Gain-enhanced distributed amplifier using
negative capacitance,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57,
no. 11, pp. 2834-2843, Nov. 2010.

[36] J.-C. Chien and L.-H. Lu, “40 Gb/s high-gain distributed amplifiers with
cascaded gain stages in 0.18-um CMOS,” IEEE J. Solid-State Circuits,
vol. 42, no. 12, pp. 2715-2725, Dec. 2007.

[37] X. Guan and C. Nguyen, “Low-power-consumption and high-gain
CMOS distributed amplifiers using cascade of inductively coupled
common-source gain cells for UWB systems,” IEEE Trans. Microw.
Theory Techn., vol. 54, no. 8, pp. 32783283, Aug. 2006.

[38] Y. S. Lin, J. F. Chang, and S. S. Lu, “Analysis and design of CMOS
distributed amplifier using inductively peaking cascaded gain cell for
UWB systems,” IEEE Trans. Microw. Theory Techn., vol. 59, no. 10,
pp. 2513-2524, Oct. 2011.

[39] A. Jahanian and P. Heydari, “A CMOS distributed amplifier with
distributed active input balun using GBW and linearity enhancing tech-
niques,” IEEE Trans. Microw. Theory Techn., vol. 60, no. 5, pp. 1331—
1341, May 2012.

[40] S. Shekhar, J. S. Walling, and D. J. Allstot, “Bandwidth extension
techniques for CMOS amplifiers,” IEEE J. Solid-State Circuits, vol. 41,
no. 11, pp. 2424-2439, Nov. 2006.

[41] G. Nikandish and A. Medi, “Transformer-feedback interstage bandwidth
enhancement for MMIC multistage amplifiers,” IEEE Trans. Microw.
Theory Techn., vol. 63, no. 2, pp. 441-448, Feb. 2015.



[42] J. Y. Liang and C. S. Aitchison, “Gain performance of cascade of single
stage distributed amplifiers,” Electron. Lett., vol. 31, no. 15, pp. 12601261,
Jul. 1995.

[43] B. Y. Banyamin and M. Berwick, “Analysis of the performance of four-
cascaded single-stage distributed amplifiers,” IEEE Trans. Microw. Theory
Techn., vol. 48, no. 12, pp. 2657-2663, Dec. 2000.

[44] A. Worapishet, I. Roopkom, and W. Surakampontorn, “Theory and
bandwidth enhancement of cascaded double-stage distributed amplifiers,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57, no. 4, pp. 759-772,
Apr. 2010.

[45] A. Arbabian and A. M. Niknejad, “A broadband distributed amplifier
with internal feedback providing 660 GHz GBW in 90 nm CMOS,” in
Int. Solid-State Circuits Conf. Tech. Dig., Feb. 2008, pp. 196-197.

[46] K. B. Niclas and R. R. Pereira, “The matrix amplifier: a high-gain
module for multioctave frequency bands,” IEEE Trans. Microw. Theory
Techn., vol. MTT-35, no. 3, pp. 296-306, Mar. 1987.

[47] J. Park and D. J. Allstot, “A matrix amplifier in 0.18-pm SOI CMOS,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 53, no. 3, pp. 561-568,
Mar. 2006.

[48] Y.J. Wang and A. Hajimiri, “A compact low-noise weighted distributed
amplifier in CMOS,” in IEEE Int. Solid-State Circuits Conf. Tech. Dig.,
Feb. 2009, pp. 220-221.

[49] K. Entesari, A. R. Tavakoli, and A. Helmy, “CMOS distributed ampli-
fiers with extended flat bandwidth and improved input matching using
gate line with coupled inductors,” IEEE Trans. Microw. Theory Techn.,
vol. 57, no. 12, pp. 2862-2871, Dec. 2009.

[50] S. Galal and B. Razavi, “40-Gb/s amplifier and ESD protection circuit
in 0.18-um CMOS technology,” IEEE J. Solid-State Circuits, vol. 39, no.
12, pp. 2389-2396, Dec. 2004.

[511 G. Nikandish and A. Medi, “Unilateralization of MMIC distributed
amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 12, pp.
3041-3052, Dec. 2014.

[52] C.-Y. Hsiao, T.-Y. Su, and S. S. H. Hsu, “CMOS distributed amplifiers
using gate-drain transformer feedback technique,” IEEE Trans. Microw.
Theory Techn., vol. 61, no. 8, pp. 2901-2910, Aug. 2013.

[53] J. Gassmann, P. Watson, L. Kehias, and G. Henry, “Wideband, high-
efficiency GaN power amplifiers utilizing a non-uniform distributed
topology,” in IEEE MTT-S Int. Microw. Symp. Dig., 2007, pp. 615-618.

[54] S. Masuda et al., “Over 10 W C-Ku band GaN MMIC non-uniform
distributed power amplifier with broadband couplers,” in IEEE MTT-S
Int. Microwave Symp. Dig., 2010, pp. 1388-1391.

[55] B. Sewiolo, G. Fischer, and R. Weigel, “A 12-GHz high-efficiency ta-
pered traveling-wave power amplifier with novel power matched cascode
gain cells using SiGe HBT transistors,” IEEE Trans. Microw. Theory
Techn., vol. 57, no. 10, pp. 2329-2336, Oct. 2009.

[56] J. J. Komiak, “Wideband power amplifiers — 1948 to the present day,”
in IEEE MTT-S Int. Microwave Symp. Dig., 2015, pp. 1-3.

[57] J. Shohat, I. D. Robertson, and S. J. Nightingale, “10-Gb/s driver
amplifier using a tapered gate line for improved input matching,” IEEE
Trans. Microw. Theory Techn., vol. 53, no. 10, pp. 3115-3120, Oct. 2005.

[58] A. Arbabian and A. M. Niknejad, “Design of a CMOS tapered cascaded
multistage distributed amplifier,” IEEE Trans. Microw. Theory Techn., vol.
57, no. 4, pp. 938-946, Apr. 2009.

[59] Y. Zhu and H. Wu, “Distributed amplifiers with non-uniform filtering
structures,” in Proc. IEEE RFIC Symp., Jun. 2006, pp. 367-370.

[60] C. Duperrier, M. Campovecchio, L. Roussel, M. Lajugie, and R. Quere,
“New design method of uniform and nonuniform distributed power
amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 49, no. 12, pp.
2494-2500, Dec. 2001.

[61] P. K. Ikalainen, “Low-noise distributed amplifier with active load,” IEEE
Microw. Guided Wave Lett., vol. 6, no. 1, pp. 7-9, Jan. 1996.

[62] S. Kimura and Y. Imai, “0—-40 GHz GaAs MESFET distributed baseband
amplifier IC’s for high-speed optical transmission,” IEEE Trans. Microw.
Theory Techn., vol. 44, no. 11, pp. 2076-2082, Nov. 1996.

[63] K. W. Kobayashi, D. Denninghoff, and D. Miller, “A novel 100 MHz-
45 GHz input-termination-less distributed amplifier design with low-
frequency low-noise and high linearity implemented with A 6 inch 0.15
pm GaN-SiC wafer process technology,” IEEE J. Solid-State Circuits,
vol. 51, no. 9, pp. 2017-2026, Sep. 2016.

[64] P. Heydari, “Design and analysis of a performance-optimized CMOS
UWB distributed LNA,” IEEE J. Solid-State Circuits, vol. 42, no. 9, pp.
1892-1904, Sep. 2007.

[65] G. Nikandish and A. Medi, “A 40-GHz bandwidth tapered distributed
LNA,” IEEE Trans. Circuits Syst. II, Exp. Briefs., to appear.

[66] R. G. Pauley, P. G. Asher, J. M. Schellenberg, and H. Yamasaki, “A 2 to
40 GHz monolithic distributed amplifier,” in GaAs IC Symp. Tech. Dig.,
Nov. 1985, pp. 15-17.

[67] M. Heins, C. Campbell, M. Kao, M. Muir, and J. Carroll, “A GaAs
mHEMT distributed amplifier with 300-GHz gain-bandwidth product for
40-Gb/s optical applications,” IEEE MTT-S Digest, pp. 1061-1064, 2002.

[68] K. L. Deng, T. W. Huang, and H. Wang, “Design and analysis of novel
high-gain and broad-band GaAs pHEMT MMIC distributed amplifiers
with traveling-wave gain stages,” IEEE Trans. Microw. Theory Techn.,
vol. 51, no. 11, pp. 2188-2196, Nov. 2003.

[69] H. Shigematsu, M. Sato, T. Hirose, and Y. Watanabe, “A 54-GHz
distributed amplifier with 6-V},;, output for a 40-Gb/s LiNbO3 modulator
driver,” IEEE J. Solid-State Circuits, vol. 37, no. 9, pp. 1100-1105, Sep.
2002.

[70] G. Wolf, S. Demichel, R. Leblanc, R. Lefevre, G. Dambrine, and H.
Happy, “A metamorphic GaAs HEMT distributed amplifier with 50 GHz
bandwidth and low noise for 40 Gbits/s,” in IEEE MTT-S Int. Microw.
Symp. Dig., 2005, pp. 2231-2233.

[71] M. Hafele, K. Beilenhoff, and H. Schumacher, “GaAs distributed am-
plifiers with up to 350 GHz gain-bandwidth product for 40 Gb/s LiNbO3
modulator drivers,” in Eur. Microw. Conf., Oct. 2005, vol. 1.

[72] H.-Y. Chang, Y.-C. Liu, S.-H. Weng, C.-H. Lin, Y.-L. Yeh, and Y.-
C. Wang, “Design and analysis of a DC-43.5 GHz fully integrated
distributed amplifier using GaAs HEMT-HBT cascode gain stage,” IEEE
Trans. Microw. Theory Techn., vol. 59, no. 2, pp. 443-455, Feb. 2011.

[73] D. E. Meharry, R. J. Lender, K. Chu, L. L. Gunter, and K. E. Beech,
“Multi-watt wideband MMICs in GaN and GaAs,” in IEEE MTT-S Int.
Microwave Symp. Dig., 2007, pp. 631-634.

[74] B. Agarwal, A. E. Schmitz, J. J. Brown, M. Matloubian, M. G. Case, M.
L. Lui, and M. J W. Rodwell, “112-GHz, 157-GHz, 180-GHz InP HEMT
traveling-wave amplifiers, IEEE Trans. Microw. Theory Techn., vol. 46,
no. 12, pp. 2553-2559, Dec. 1998.

[75] S. Kimura, Y. Imai, and T. Enoki, “0-90 GHz InAlAs/InGaAs/InP HEMT
distributed baseband amplifier IC,” Electron. Lett., vol. 31, pp. 1430—
1431, 1995.

[76] C. Meliani et al., “DC-92 GHz ultra-broadband high gain InP HEMT
amplifier with 410 GHz gain-bandwidth product,” Electron. Lett., vol. 20,
no. 20, pp. 1175-1176, Sep. 2002.

[77] Y. Baeyens et al., “High gain-bandwidth differential distributed InP D-
HBT driver amplifiers with large (11.3 V) output swing at 40 Gb/s,”
IEEE J. Solid-State Circuits, vol. 39, no. 10, pp. 1697-1705, Oct. 2004.

[78] V. Hurm et al., “InP DHBT-based distributed amplifier for 100 Gbit/s
modulator driver operation,” Electron. Lett., vol. 44, no. 12, pp. 705-706,
Jun. 2008.

[79] T. Kraemer, C. Meliani, F. J. Schmueckle, J. Wuerfl, and G. Traenkle,
“Traveling-wave amplifiers in transferred substrate InP-HBT technology,”
IEEE Trans. Microw. Theory Techn., vol. 57, no. 9, pp. 2114-2121, Sep.
2009.

[80] J.-Y. Dupuy, A. Konczykowska, F. Jorge, M. Riet, and J. Godin,
“Distributed amplifiers in InP DHBT for 100-Gbit/s operation,” in /[EEE
MTT-S Int. Microwave Symp. Dig., 2010, pp. 920-923.

[81] S. Yoon, I. Lee, M. Urteaga, M. Kim, and S. Jeon, “A fully-integrated
40-222 GHz InP HBT distributed amplifier, IEEE Microw. Wireless
Compon. Lett., vol. 24, no. 7, pp. 460-462, Jul. 2014.

[82] K. Eriksson, I. Darwazeh, and H. Zirath, “InP DHBT distributed
amplifiers with up to 235-GHz bandwidth,” IEEE Trans. Microw. Theory
Techn., vol. 63, no. 4, pp. 1334-1341, Apr. 2015.

[83] R.-C.Liu et al., “An 80 GHz travelling-wave amplifier in a 90 nm CMOS
technology,” in Int. Solid-State Circuits Conf. Tech. Dig., Feb. 2005, pp.
154-155.

[84] M.-D. Tsai, H. Wang, J.-F. Kuan, and C.-S. Chang, “A 70 GHz cascaded
multi-stage distributed amplifier in 90 nm CMOS technology,” in Int.
Solid-State Circuits Conf. Tech. Dig., Feb. 2005, pp. 402—403.

[85] J. R. M. Weiss et al., “A DC-to-44-GHz 19dB gain amplifier in 90nm
CMOS using capacitive bandwidth enhancement,” in Int. Solid-State
Circuits Conf. Tech. Dig., Feb. 2006, pp. 2082-2091.

[86] F. Zhang and P. Kinget, “Low-power programmable gain CMOS dis-
tributed LNA,” IEEE J. Solid-State Circuits, vol. 41, no. 6, pp. 1333—
1343, Jun. 2006.

[87] J.-C. Kao, P. Chen, P--C. Huang, and H. Wang, “A novel distributed
amplifier with high gain, low noise, and high output power in 0.18-xm
CMOS technology,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 4,
pp. 1533-1542, Apr. 2013.

[88] V. Bhagavatula, M. Taghivand, and J. C. Rudell, “A compact 77%
fractional bandwidth CMOS band-pass distributed amplifier with mirror-
symmetric norton transforms,” IEEE J. Solid-State Circuits, vol. 50, no.
S, pp. 1085-1093, May 2015.

[89] J. O. Plouchart et al, “A 4-91-GHz traveling-wave amplifier in a
standard 0.12-pm SOI CMOS microprocessor technology,” IEEE J. Solid-
State Circuits, vol. 39, no. 9, pp. 1455-1461, Sep. 2004.



[90] F. Ellinger, “60-GHz, SOI CMOS travelling-wave amplifier with NF
below 3.8 dB from 0.1 to 40 GHz,” IEEE J. Solid State Circuits, vol. 40,
no. 2, pp. 553-558, Feb. 2005.

[91] C. Pavageau et al., “A 7-dB 43-GHz CMOS distributed amplifier on
high-resistivity SOI substrates,” IEEE Trans. Microw. Theory Tech., vol.
56, no. 3, pp. 587-598, Mar. 2008.

[92] J. Kim and J. F. Buckwalter, “A 92 GHz bandwidth distributed amplifier
in a 45 nm SOI CMOS technology,” IEEE Microw. Wireless Compon.
Lett., vol. 21, no. 6, pp. 329-331, Jun. 2011.

[93] J. F. Buckwalter and J. Kim, “Cascaded constructive wave amplifica-
tion,” IEEE Trans. Microw. Theory Techn., vol. 58, no. 3, pp. 506-517,
Mar. 2010.

[94] P. V. Testa, R. Paulo, C. Carta, and F. Ellinger, “250 GHz SiGe-BiCMOS
cascaded single-stage distributed amplifier,” in JEEE Comput. Semicond.
Integr. Circuits Symp., 2015, pp. 1-4.

[95] D. Fritsche, G. Tretter, C. Carta, and F. Ellinger, “A trimmable cascaded
distributed amplifier with 1.6 THz gain-bandwidth product,” IEEE Trans.
THz Sci. Technol., vol. 5, no. 6, pp. 1094-1096, Nov. 2015.

[96] J. Hoffman, S. Shopov, P. Chevalier, A. Cathelin, P. Schvan, and S. P.
Voinigescu, “55-nm SiGe BiCMOS distributed amplifier topologies for
time-interleaved 120-Gb/s fiber-optic receivers and transmitters ,” IEEE
J. Solid State Circuits, vol. 51, no. 9, pp. 2040-2053, Sep. 2016.

[97] R. Santhakumar, Y. Pei, U. K. Mishra, and R. A. York, “Monolithic
millimeter-wave distributed amplifiers using AlGaN/GaN HEMTS,” in
IEEE MTT-S Int. Microw. Symp. Dig., Jun. 2008, pp. 1063-1066.

[98] J. Komiak, K. Chu, P. C. Chao, “Decade bandwidth 2 to 20 GHz GaN
HEMT power amplifier MMICs in DFP and No FP technology,” in IEEE
MTT-S Int. Microwave Symp. Dig., 2011, pp. 1-4.

[99] E. Reese, D. Allen, C. Lee, T. Nguyen, “Wideband power amplifier
MMICs utilizing GaN on SiC,” in IEEE MTT-S Int. Microwave Symp.
Dig., May 2010, pp. 1230-1233.

[100] J. M. Schellenberg, “A 2-W W-band GaN traveling-wave amplifier with
25-GHz bandwidth,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 9,
pp. 2833-2840, Sep. 2015.



