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Abstract—This paper presents a new high-gain structure for the
distributed amplifier. Negative capacitance cells are exploited to
ameliorate the loading effects of parasitic capacitors of gain cells in
order to improve the gain of the distributed amplifier while keeping
the desired bandwidth. In addition, the negative capacitance cir-
cuit creates a negative resistance that can be used to increase the
amplifier bandwidth. Implemented in 0.13- m IBM’s CMRF8SF
CMOS, the proposed six-stage distributed amplifier presents an
average gain of 13.2 dB over a bandwidth of 29.4 GHz. The mea-
sured input return loss is less than 9 dB and the output return
loss is less than 9.5 dB over the entire bandwidth. With a chip
area of 1.5 mm 0.8 mm, the amplifier consumes 136 mW from a
1.5-V dc power supply.

Index Terms—CMOS distributed amplifier, gain boosting
technique, negative capacitance, negative resistance, wideband
amplifier.

I. INTRODUCTION

B ROADBAND amplifiers are the fundamental building
blocks of broadband wireline and wireless transceivers,

which are extensively used in various applications such as
high-data-rate communication systems, high-resolution radars,
and imaging systems [1]–[3]. CMOS has recently become
the technology of choice for the circuit implementation of
these systems because of its low fabrication cost, high level
of integration, and improved performance due to aggressive
scaling of the technology [4], [5]. Distributed amplification is
considered a robust technique for the design of these broad-
band amplifiers because of its unique capability of providing
a large gain-bandwidth product with low sensitivity to process
variations and mismatches.

Several successful designs of distributed amplifiers (DAs) in
CMOS with extremely large bandwidths of tens of gigahertz
have been reported in the literature [6]–[9], but all of these
reported DAs exhibit relatively low gains. RC-degenerated
common-source gain cells were used in [6] to obtain a 40-GHz
bandwidth, but the gain was less than 4 dB due to source
degeneration in gain cells. A capacitive division technique in
[7] was exploited to achieve a high bandwidth of 80 GHz,
but a small gain of 7.4 dB was obtained because of capacitive
voltage division at the input of the gain cells. With a bandwidth
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of 70 GHz and a gain of 7 dB, a cascaded DA was designed in
[8], where the gain was sacrificed to achieve a high bandwidth.
Furthermore, an eight-stage DA with negative resistance tech-
nique was reported in [9] with a bandwidth of 44 GHz and less
than 10 dB gain, where the additional capacitors introduced by
the negative resistors limits the size of the gain cell transistors
even further. For all of these reported DAs, the gain per stage
was less than 1.75 dB. The main reason for failing to produce
large gains is the fact that the size of the transistors is limited
by their capacitive loading effect on the transmission lines,
which in turn limits the amplifier bandwidths. Moreover, the
frequency-increasing losses of the transmission lines and the
supply scaling for transistors prevent the distributed amplifiers
from achieving high gains. High-gain DA structures such as
matrix DA [10], [11] or cascaded DA [12], [13] can achieve
high gain but at the cost of large chip area. The matrix DA re-
quires a set of inductors for an additional intermediate artificial
transmission line while the cascaded DA needs more chip area
as it repeats the same structure of a single DA.

In this paper, we present a novel structure for the distributed
amplifiers which is capable of producing a high gain while pre-
serving the wideband frequency response of the amplifier. In
this work, we propose to use negative capacitors to compen-
sate for the loading effects of parasitic capacitors of the transis-
tors. As a result, the size of the transistors can be increased for
large gains with no adverse effect on the amplifier’s bandwidth.
Moreover, the negative capacitance cells (NCCs) also exhibit a
negative resistance that is beneficial for bandwidth enhancement
because it compensates for the loss of the transmission lines.
The added chip area is negligible compared to that of the matrix
or cascaded DAs. The only reported use of the negative capac-
itance in a distributed amplifier was for the purpose of electro-
static discharge protection, and not gain enhancement [14].

This paper is organized as follows. In Section II, we explain
the proposed gain enhancement technique for CMOS DAs using
negative capacitance. In Section III, we describe the design of
the negative capacitance network to be added to input nodes of
the DA’s gain cells. Section IV discusses the overall architec-
ture, and the detailed circuit design of the proposed DA. Ex-
perimental results of the fabricated DA in the 0.13 m CMOS
process are presented in Section V.

II. GAIN BOOSTING USING NEGATIVE CAPACITANCE

The gain of the conventional DA, shown in Fig. 1, is not only
limited by the loss of transmission lines but also by the finite
amplification capability of the gain cells. Ignoring the loss of the
transmission lines and assuming the long channel devices, we
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Fig. 1. Conventional DA structure with adding negative capacitance on the gate
transmission line.

can express the low-frequency voltage gain of the conventional
DA as

(1)

where is the termination load at the output, is the number
of gain cells, is the transconductance of the gain cells which
is a linear function of process dependent constant is
the transistor overdrive voltage, and is the width-to-length
ratio of the transistor. As shown in (1), the design parameters
that can be optimized to increase the gain of a DA are the number
of gain cells (n) and/or the transconductance of the transistors

. The number of gain cells is limited to the optimal number
of stages, [15], as the transmission lines are not lossless.
Therefore, in order to achieve a large gain, should be in-
creased. However, the bandwidth of the gate and drain transmis-
sion lines determining the overall DA’s bandwidth are reversely
proportional to the width of the transistors as shown in the fol-
lowing expression:

(2)

in which is the inductive component of the input transmis-
sion line, is a technology dependent parameter, and is the
transistor width. Ignoring the parasitic capacitance of the gate
transmission line, the total node capacitor is equal to

. Enlarging transistors to produce sufficient for a high
DA gain increases , and as a result reduces the DA band-
width. In this work, we propose to use negative capacitors to
compensate for the loading effects of on the gate transmis-
sion line. As shown in Fig. 1, if negative capacitors are added
on the gate transmission line, can be signifi-
cantly reduced. Therefore, larger transistors can be used in the
gain cells while the desired bandwidth is kept by choosing the
proper value for negative capacitors. In this way, a high gain
structure of the distributed amplifier is obtained while the band-
width of the amplifier is not adversely affected.

III. NEGATIVE CAPACITANCE

To design the negative capacitors required for the proper op-
eration of the proposed DA, we employ a negative impedance
converter (NIC), a two-port network whose input impedance

Fig. 2. Negative capacitance cell. (a) Simplified circuit schematic. (b) Small-
signal equivalent circuit. (c) Simplified equivalent circuit.

is the negative inverse of the load impedance . NIC circuits are
widely exploited to create negative resistance, inductance, or ca-
pacitance [16], [17]. As shown in Fig. 2(a), two common-source
transistors are connected in a way that a positive feedback loop
is created to convert the inductor load to a negative capacitor.
The generated negative capacitance using this topology is rel-
atively linear in a wide frequency band comparing to the neg-
ative capacitance effect due to positive feedback through
in a common-gate MOSFET [18]. Assuming that both transis-
tors are identical, the equivalent circuit using the three-element
CMOS model is demonstrated in Fig. 2(b). If the
operating frequency is much smaller than the cutoff frequency

of transistors, the influence of parallel elements and
in Fig. 2(b)) on the circuit performance is negligible, and

the equivalent circuit can be reduced to a series RLC circuit as
depicted in Fig. 2(c). The simplified expression for total input
impedance of the circuit is then

(3)

The first term of the above equation is a negative capacitance
that can be used to compensate for the undesired capacitive
loading effect of the gain cells on the input transmission line
of a DA as explained in Section II. The value of the negative ca-
pacitance is determined by the transconductance of transistors
and the inductive load, . The transconductance
value should be optimized in terms of DA bandwidth, power
consumption, and DA stability factor. As shown in Fig. 10 of
Section IV-D, in our design a value of about 32 mA/V
results in the optimum stability K-factor. Assuming
mA , to create a negative capacitance of 120 fF
the inductor value should be 120 pH. The second term in the
above input impedance expression represents a negative induc-
tance that can be compensated by placing a proper inductor at
the circuit’s input. Moreover, as represented by the third term in
(3), this structure produces a negative resistance which can be
used for the bandwidth extension of the DA [9].

The circuit is simulated in the 0.13- m IBM’s CMRF8SF
CMOS process. CMRF8SF is a fully RF-characterized CMOS
technology in which reliable RF models for active and passive
components are provided, and accompanied by their equiva-
lent chip layout. Therefore, the simulation results in this en-
vironment carry a significant accuracy in the GHz frequency
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Fig. 3. Simulated curves of � in terms of frequency for � � � mA/V and different values of the inductor. (a) Imaginary component of � . (b) Absolute
values of the negative capacitance.

range—unlike the simulation result in a digital CMOS process.
Fig. 3(a) depicts the simulated imaginary component of for
different values of the inductor as a function of frequency. NCC
cell acts as an inductance at low frequency as imaginary part
is positive and increasing. At higher frequencies, the imaginary
part is still positive but decreasing for all values of the inductor,
proving that the circuit presents negative capacitance at higher
frequency range. Ignoring the and in Fig. 2(b), it can be
easily proven that the lower frequency limit for negative capac-
itance behavior is

(4)

By proper choice of and can be shifted to the fre-
quencies less than 5 GHz as shown in Fig. 3(a). Fig. 3(b) demon-
strates the extracted values (absolute values) of the negative ca-
pacitance for different inductive loads. The negative capacitor
value remains relatively constant in a large frequency band. It
is obvious that by varying the inductor value, we can obtain the
desired negative capacitance to compensate for the loading ef-
fect of gain cells on the input/output transmission lines. The real
component of and the extracted values of negative resistance
are illustrated in Fig. 4(a) and (b), respectively proving that NCC
shows negative resistance in a wide frequency band.

IV. AMPLIFIER DESIGN AND ANALYSIS

A. Gain Cell Design

In a DA structure, the bandwidth of the amplifier is ideally
determined by the bandwidth of gate and drain transmission
lines assuming that all parasitic capacitors of the gain cells are
absorbed by the transmission lines. In the design of DAs, we
typically use cascode gain cells because of their higher max-
imum available gain, larger output resistance, and better reverse
isolation compared to common-source gain cells. However, the
internal capacitors of cascode gain cells are not absorbed into
the transmission lines. Therefore, these parasitic capacitors ad-
versely affect the frequency response of the gain cells, which in
turn limits the overall bandwidth of the DA.

The gain frequency response of the cascode circuit exhibits
a low-frequency dominant pole at 1/2 ( is the gate
resistance of the transistor) and a high-frequency nondominant
pole. The value of the dominant pole is mainly determined
by the size of the common-source transistor that controls the
achievable gain from a single stage as well. The parasitic
capacitances at the cascode node also create a nondominant
pole that further limits the required bandwidth. In order to
alleviate this limitation, and to extend the bandwidth of the
gain cells, the inductive series-peaking technique is utilized
for cascode transistors [19]–[22]. The simulated frequency
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Fig. 4. Simulated curves of � in terms of frequency for � � � mA/V and different values of inductor. (a) Real component of � . (b) Extracted values of
negative resistance.

response of the series-peaked circuit for different values of the
series inductance at the cascode node , is shown in Fig. 5.
For high values of the series inductor, the peaking frequency
decreases and frequency response has a quick gain and phase
roll-off while lower values of results in gradual roll-off
of the frequency response with a high peaking frequency. In
conclusion, one can simply design the value of to achieve a
desirable peaking frequency with a linear roll-off in the phase
response.

B. Transmission Line Design

Fig. 6 illustrates the simplified architecture of the proposed
distributed amplifier. For simplicity, the bias circuits and m-de-
rived sections were not shown. The negative capacitance cir-
cuit is connected to all nodes of the input transmission line
to compensate for the capacitive loading of large gate-source
capacitance of the transistors. Fig. 7 demonstrates the equiv-
alent small-signal model of the input and output transmission
lines for the proposed DA. In Fig. 7(a), by transforming se-
ries components in parallel branches to parallel components, the
small-signal model of the input transmission line is depicted in

Fig. 7(b). Using this equivalent circuit for a single-stage of the
transmission line, the propagation constant can be written as

(5)

(6)

in which and C are equal to

(7)

(8)
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Fig. 5. Simulated frequency response of series-peaking network at the cascode node for different values of the inductor (a) gain response (b) phase response.

Fig. 6. Simplified architecture of proposed DA.

In the above equations, and are the physical length of unit
section, and are the inductive components of the input
and output transmission lines, and are the parasitic series

Fig. 7. Equivalent small-signal model of the DA transmission lines (TLs).
(a) Equivalent circuit for the gate TL. (b) Series-to-parallel impedance trans-
formation in equivalent circuit. (c) Equivalent circuit for the drain TL.

resistances of these transmission lines, and and
are the transistor model parameters. Assuming that
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and at the frequency range of operation [11], the
propagation constant can be derived as

(9)

(10)

where and are the characteristic impedances of gate and
drain transmission lines and can be approximated as

(11)

(12)

Using the above equations, the calculated optimum number of
gain stages is 5.3 [15]. Therefore, we use six gain stages in our
design.

To simplify the DA design, we assume that and
at the frequency range of operation. Therefore, the

bandwidth determined by the dominant pole and mostly con-
trolled by of the common-source transistor can be approx-
imated as

(13)

Since is a negative value, larger transistors (larger )
can be used to keep the same bandwidth as that of the conven-
tional DA. Consequently, a higher gain DA structure is obtained
compared to the conventional DA. To design the DA, (11), (12),
and (13) are used in order to find the and values of the input
and output artificial transmission lines. In reality, the bandwidth
is further limited by loss of the transmission lines and by the
input resistance of the amplifier cell gains. Hence, these sec-
ondary effects should be taken into account for the accurately
setting of the amplifier bandwidth. To evaluate the performance
of the proposed structure, a six-stage negative-capacitance dis-
tributed amplifier (NCDA) is designed in the 0.13- m IBM’s
CMRF8SF CMOS process, and compared to the corresponding
conventional DA. For a fair comparison, both DAs were pri-
marily designed for a bandwidth of 35 GHz. Accordingly, and

values of the input and output artificial transmission lines in
both DAs were chosen to comply with this bandwidth require-
ment. In order to obtain high , cascode gain cells with a tran-
sistor size of 140 m/1 m are used and the transistor widths
kept the same in both designed DAs. Simulation results verify
the efficiency of the proposed structure in achieving a wideband,
high-gain frequency response. As shown in Fig. 8, a six-stage
NCDA can achieve 14.5 dB average gain and 34 GHz band-
width, while the six-stage conventional DA presents a low-fre-
quency gain of 15.0 dB with only 18 GHz bandwidth, 47% less

Fig. 8. Comparison of gain and bandwidth for six-stage NCDA and conven-
tional DA.

bandwidth compared to the NCDA. Moreover, the NCDA shows
an improved return loss compared to the conventional DA.

C. Noise Figure Analysis

As NCC cells, inserted on the gate transmission line, con-
sist of active components, they add some noise to the proposed
amplifier. Therefore, it is important to analyze the noise-figure
of the proposed DA with the NCC cells incorporated. Instead
of using the sophisticated, extensive, and modular noise anal-
ysis technique proposed for four-port linear networks in [23],
we prefer to employ the conventional, closed-form approximate
analytic formula for noise-figure derived in [24]. Because of the
analogy of noise expression for MESFETs and MOSFETs, we
can derive the noise-figure (NF) equation of CMOS DAs based
on the expression derived for MESFET DAs in [24].

The noise sources in a CMOS transistor can be modeled by
shunt current sources in the drain and gate of the transistor
with the corresponding noise power expressed in [25] as

and , respectively.
is the bandwidth in hertz, is Boltzmann’s constant in

joule/kelvin, is the temperature in kelvin, is the bias-depen-
dent factor, is the zero-bias transconductance of the tran-
sistor, and is the coefficient of the gate noise. Now consider
an NCC cell with two common-source transistors connected to-
gether as shown in Fig. 2(a). For simplicity we ignore the corre-
lation between the gate and drain noise current of the transistors
in calculation of the NCC’s equivalent output noise power, ,
although based on our calculations inserting the correlation co-
efficient results in similar equation for . Assuming that both
transistors have the same sizes, , and

, the simplified equivalent output noise power of the NCC cell
is proven in Appendix to be approximated as

(14)

in which and are the gate and drain noise power for NCC
cell’s transistors. and are the transistors’ gate-source
capacitance and transconductance, respectively. appears as
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Fig. 9. Comparison of simulated noise-figure for six-stage NCDA and conventional DA.

an additional current noise on the gate transmission line. As-
suming ideal transmission lines, the noise-figure of the n-stage
CMOS distributed amplifier is the summation of NF of the con-
ventional DA and the added NF due to NCC cells as expressed
in (15).

(15)

In this equation is the sum of vectors
and and is the

phase constant of the transmission line . The
last term in (15) is the noise contribution of NCC cells in the
total noise figure of the proposed DA. In order to present a
quantitative evaluation for the noise contribution of NCC cells,
the noise figure of the six-stage conventional DA is compared
to the corresponding six-stage NCDA (the same amplifiers
of Section IV-B). As shown in Fig. 9, the simulated average
noise-figure of the conventional DA at the frequency band
of 18 GHz, which is its bandwidth, is 4.62 dB. The average
noise-figure of the NCDA at this frequency band is 5.14 dB,
which is 11% more than the average noise-figure of the conven-
tional DA. Therefore, the noise contribution of the NCC cells
can be tolerated in many practical designs.

D. Stability Factor

Since NCDA circuit incorporates negative capacitance net-
work with a positive feedback loop, it is necessary to investigate
the possibility of any instability in the operation of the circuit.
Fig. 10 depicts the simulated stability K-factor of the ampli-
fier for different values of NCC’s . Low values, which
mean small transistor sizes for NCC cell, result in high band-
width but low stability K-factor. On the other hand higher
values, which mean larger transistor sizes for the NCC cell, tend
to low bandwidth and also low stability K-factor. In our design,
an optimum value of about 32 mA/V is used to achieve

Fig. 10. Simulated stability K-factor for different values of � .

a stability K-factor of more than 2 and a bandwidth more than
30 GHz.

V. EXPERIMENTAL RESULTS

For circuit implementation, extensive EM simulations are
required to account for the layout parasitic effects and to
achieve the optimum performance [26]. Furthermore, the par-
asitic influence of the input and output pads must be precisely
taken into account to well match the distributed amplifier to the
source/load and decrease the return loss. The proposed NCDA
is implemented in the 0.13- m IBM’s CMOS process. Fig. 11
demonstrates the die photograph of the fabricated circuit with
an area of 1.5 mm 0.8 mm. The NCDA is implemented in
six gain stages. Planar spiral inductors are utilized for the input
and output transmission lines to reduce the chip area. In order
to improve the amplifier performance in terms of the frequency
response and the return loss, m-derived section inductors, a
series cascode inductor, and negative-capacitance cell inductors
are implemented using coplanar waveguide (CPW) structure.
Based on simulation results, all inductive elements exhibit a
quality factor from 10 to 16 at the frequency range of operation.
An on-wafer probing method was utilized to measure the
characteristics of the proposed distributed amplifier. Fig. 12
demonstrates the measured S-parameters from 1 to 50 GHz
for two cases; without activation of the negative capacitance
network (WO) representing a conventional DA and with acti-
vation of the negative capacitance network (W) representing
the proposed NCDA. The NCDA presents an average gain of
13.2 dB with 0.8 dB gain variations and the 3-dB bandwidth
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Fig. 11. Die photograph for implemented six-stage NCDA.

Fig. 12. Measured S-parameters of implemented NCDA without activated neg-
ative capacitance network (WO) and with activated negative capacitance (W)
(a) � and � (b) � and � .

of 29.4 GHz as illustrated in Fig. 12(a). The measured band-
width is 13.5% less than the simulated one. Also, the measured
gain is about 1.2 dB less than the simulated gain. The difference
in measured and simulated bandwidth and gain is primarily
attributed to the imperfect models of CMRF8SF for inductors,
RF transmission lines, and MIM capacitors. When the NCC
cells are deactivated drops very quickly so that the band-
width shrinks to less than 10 GHz. A less than 9 dB and
a less than 9.5 dB is obtained over the entire bandwidth
as shown in Fig. 12(b). With the NCC cells not activated,
increases in the band so that it reaches to 1.5 dB at 29.4 GHz.

With a 1.5-V power supply, the NCDA consumes a dc power
of 87 mW while the negative capacitance network consumes
49 mW. The amplifier also exhibits a measured noise figure
of less than 7.6 dB over the entire bandwidth as illustrated in
Fig. 13. The discrepancies between measured and simulated

Fig. 13. Measured noise figure of fabricated NCDA and stability K-factor ex-
tracted from measured S-parameters.

noise-figure are mainly attributed to the imperfect noise mod-
elling of CMRF8SF. Fig. 13 also depicts the stability K-factor
of the amplifier computed from the measured S-parameters. The
results suggest that the amplifier is unconditionally stable over
the entire frequency band as the K-factor remains larger than
one. Comparison of the performance parameters of several re-
ported DAs in CMOS technology is presented in Table I. The
proposed structure of the DA shows the highest value of the gain
per stage while gain-bandwidth product (GBW) is comparable
to other reported designs. Comparing the proposed DA struc-
ture with other high-gain DA structures such as matrix DA [10],
[11] or cascaded DA [12], [13], the main advantage of NCDA
is that it delivers higher gain per stage in less chip area. While
the inserted NCCs results in less than 8% added chip area in
our design, the matrix DA requires a set of inductors for an ad-
ditional intermediate artificial transmission line. The situation
is worse for the cascaded DA as it repeats the same structure
of DA, and the chip area is approximately twice comparing to
that of a single DA. Therefore, the proposed DA is a promising
structure for design of high-gain, wideband amplifiers.

VI. CONCLUSION

A new high-gain wideband distributed amplifier structure
is presented. In this structure, negative capacitance cells were
connected to the input transmission line nodes to compensate
for the capacitive loading effect of the gate-source capacitors
of the transistors. As a result, larger transistor can be used to
achieve high- gain cells while the amplifier’s bandwidth is
not reduced compared to that of a conventional CMOS DA.
Furthermore, NCC exhibits negative resistance that is helpful
for bandwidth extension. Based on the proposed architecture,
the implemented DA shows an average gain of 13.2 dB with a
bandwidth of 29.4 GHz in 0.13- m IBM’s CMRF8SF CMOS
process, producing the highest gain per stage of many reported
CMOS DAs.

APPENDIX A
PROOF OF EXTRACTED NOISE-FIGURE EXPRESSION

Fig. 14(a) shows the transistor noise model in which
. The major noise components of the NCC are the

gate and drain noise of the transistors. For simplicity we ig-
nore the correlation between the gate and drain noise of the
transistors in calculation of the NCC’s equivalent output noise
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TABLE I
CHARACTERISTICS OF SEVERAL REPORTED DAS

Fig. 14. Noise modeling. (a) Gate noise model. (b) Negative capacitance noise
current model.

power although based on our analysis, inserting the corre-
lation coefficient results is a similar equation for . Assuming
that both transistors have the same sizes, based on Fig. 14(b)
the NCC’s equivalent output noise power is expressed as (A.1)
Also, assuming , and , the simpli-
fied equivalent output noise power of the NCC cell can be ap-
proximated as (14). Because of the analogy of noise expression
for MESFETs and MOSFETs, we can derive the noise-figure
equation of CMOS DAs based on the expression derived for
MESFET DAs in [24], which is written as (A.2)

(A.1)

(A.2)

where and are MESFET parameters which are equal
to their MOSFET correspondents, and ,
respectively. The last term in (A.2) is the effect of the gate
noise current of the gain cells. The noise of NCC appears
as an additional current noise on the gate transmission line.
Therefore, the last term in (A.2) should be modified to insert
the NCC’s noise effect. Hence, the final noise-figure can be
expressed as (15).
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