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Abstract— To overcome limitations on bandwidth extension in
conventional design techniques, a novel pole-converging tech-
nique with transformer feedback for intrastage bandwidth exten-
sion is proposed and analyzed in this paper. For verification,
a three-stage cascode low-noise amplifier (LNA) based on the
pole converging and negative drain–source transformer feedback
is designed and implemented in a 65-nm CMOS technology.
Consuming 27 mW dc power from a 1.8 V supply, the fabricated
prototype exhibits peak power gain of 18.5 dB, minimum noise
figure of 5.5 dB, 3-dB bandwidth of 30 GHz, and fractional band-
width of 38.7%. The bandwidth of the three-stage cascode LNA
is significantly extended without increasing power consumption
and die size.

Index Terms— Broadband amplifiers, bandwidth extension,
CMOS amplifiers, frequency compensation, gain boosting, gain
flatness, low-noise amplifiers (LNA), millimeter-wave (mm-wave)
integrated circuits, pole converging, transformer feedback.

I. INTRODUCTION

THANKS to the aggressive scaling of CMOS technology
in recent years, millimeter-wave (mm-wave) CMOS cir-

cuits are greatly explored for many applications, such as wire-
less uncompressed HD-video streaming systems, automatic
radars, ultrahigh capacity E-band point-to-point links, and
mm-wave/terahertz imaging systems. As the first amplification
stage in receiver chains, low-noise amplifier (LNA) plays
a critical role in determining signal-to-noise ratio and link
budget. Besides power gain and noise figure (NF), operating
bandwidth of LNA is also an important specification. In mm-
wave imaging receivers, imaging sensitivity and quality are
quantified by noise-equivalent temperature difference, which
is defined as
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where Ts is receiver noise temperature, B is RF front-end
bandwidth, τ is integration time, G is the overall gain of
receiver front-end, and �G is the effective value of gain
variations [1], [2]. To achieve an excellent thermal resolution,
LNA must provide a stable high power gain over a wideband-
width. For Frequency Modulated Continuous Wave automatic
radars, widebandwidth leads to high range resolution [3].
Furthermore, mm-wave cellular wireless networks with wide-
bandwidth have tremendous potential to provide huge capacity
and data rates for cellular communications, which may be
adopted by next-generation cellular systems in the future
[4]. Therefore, wideband LNAs are greatly desired in these
systems. Indeed, III-V compound semiconductor technologies
have been the desirable platforms for wideband amplifiers with
extremely high power gain and low NF at high frequencies
compared to its silicon counterparts [5]–[8]. However, CMOS
technology demonstrates merits of overwhelmingly low cost
and high level of integration, which make them more attractive
for the implementation of multiantenna systems with complex
digital circuitries [9], [10].

In the literature, distributed architecture and multistage
architecture are two widely adopted topologies for wideband
amplifiers. However, the former has drawbacks of high power
consumption and large chip size; besides, extensive modeling
and electromagnetic (EM) simulation are needed to achieve
attractive performances [11]–[14]. For multistage amplifiers,
bandwidth is limited by intrinsic capacitances of transistors
and other parasitic capacitances at the nodes of input, output,
and interstages. To extend the bandwidth of multistage ampli-
fiers, different matching networks and peaking techniques are
explored to achieve higher bandwidth extension ratio, which
is defined as the ratio of the 3-dB bandwidth to that of
the reference common-gate (CG) or common-source (CS)
amplifier without peaking techniques [15]. Four topologies
of interstage matching network are evolved to broaden the
bandwidth, namely, L-type [16]–[19], π-type [20], [21],
T-type [2], [22], [23], and combination of different
types [24], [25], as shown in Fig. 1. By combining L-type
and T-type matching networks, the work in [25] demon-
strated wide 3-dB bandwidth of 21 GHz with a peak
gain of 14.8 dB in CMOS technology. More recently, one
LNA in SiGe BiCMOS technology achieved 3-dB band-
width over 30 GHz using a T-type matching network [2].
Although complex matching networks provide wideband
matching, additional insertion loss and chip area are also
introduced.

 



Fig. 1. Interstage matching networks. (a) L-type. (b) π -type. (c) T-type.
(d) Combination of L- and T-types.

Fig. 2. (a) Schematic of a cascode LNA with gate inductor. (b) Simplified
small-signal equivalent circuit.

In this paper, a pole-converging technique with transformer
feedback for intrastage bandwidth extension is proposed
and verified experimentally. By using the pole-converging
and negative drain–source transformer-feedback techniques in
the intrastage of amplifiers, the transfer function of each
stage exhibits two dominant poles, demonstrating a flat gain-
frequency response over an ultrawide bandwidth. For verifi-
cation, a three-stage cascode LNA with the proposed design
techniques is implemented in a 65-nm CMOS technology.
In Section II, circuit analyses of pole-converging and neg-
ative drain–source transformer-feedback techniques are pro-
vided. Section III describes the design methodology with the
proposed techniques and the circuit implementation of the
prototype. The experimental results are given in Section IV,
followed by the conclusion drawn in Section V.

II. CIRCUIT ANALYSIS

A. Proposed Pole-Converging Technique

Fig. 2 shows the schematic and small-signal equivalent
circuit of a cascode LNA with an inductor connected to the
gate of CG transistor. At mm-wave frequencies and above,
accurate modeling becomes critical, and parasitic capacitances
and inductances should be taken into consideration, which
have substantial effects on the frequency response due to high
frequency operation. However, even for the simple circuit
shown in Fig. 2, because of many energy storage elements
(i.e., inductors and capacitors), equation-based analysis of the
gain-frequency response becomes quite challenging, and the

Fig. 3. Poles and zeros of the LNA (a) without gate inductor and (b) with
gate inductor (Lg = 10 pH).

analytical solution is too complicated to provide any circuit
design insights. Instead, pole–zero analysis of the transfer
function is explored using SpectreRF in the Virtuoso Analog
Design Environment, through which the effects on frequency
response of the LNA due to the changing of the pole positions
are graphically analyzed and interpreted.

Fig. 3 indicates the poles and zeros of the cascode LNA with
and without gate inductor with poles and zeros far away from
the imaginary axis being ignored, which is also applicable for
the following pole–zero plots. The main differences between
Fig. 3(a) and (b) are the complex conjugate pairs of poles
(p5 and p6) and zeros (z4 and z5) introduced by the gate
inductor. The poles close to the imaginary axis dominate the
frequency response [26]. Based on the geometric evaluation of
the Fourier transform from the pole–zero plot [26], the effects
of additional complex poles and zeros on the LNA frequency
response are investigated. Because p3 (p4) and z2 (z3) are
quite close, their effects on the frequency response tend to be
canceled with each other. At low frequencies, the length of the
vector for the pole p1 is much more sensitive to frequency
than that of the pole p5. Hence, the frequency response is
influenced principally by the pole p1. In particular, the length
of that pole vector has a minimum at f = Im[p1], and a
peak value (peak1) in the magnitude of the frequency response
can be expected in the vicinity of that frequency [26]. As the
frequency increases, the magnitude of the frequency response
exhibits the second peak value (peak2) at f = Im[p5],
where the pole vector for p5 reaches its minimum [26]. The
effects on frequency response from gate inductor are also
verified through ac simulation, as shown in Fig. 4. By pushing
the two peak gains, peak1 and peak2, toward each other,
i.e., converging the imaginary parts of p1 and p5, the band-
width of the cascode LNA can be extended.

Indeed, the phenomena of pole converging can be observed
in the pole–zero plot with the increase of Lg , as demonstrated
in Fig. 5. As Lg increases, the nondominant pole p5 is pushed
toward to p1 and becomes dominant one. Although z4 moves
closer to the imaginary axis, the zero z1 located at the origin
still dominates, which does not change with the gate inductor.
As p3 (p4) and z2 (z3) are also not affected by Lg , the
frequency response is still dominated by p1 and p5. Fig. 6

 



Fig. 4. Gain-frequency response of the LNA with and without gate inductor.

Fig. 5. Locus of poles and zeros as gate inductor varies from 2 to 100 pH,
dashed line with arrow shows the moving direction as Lg increases.

Fig. 6. Gain-frequency response of the cascode LNA as gate inductor varies
from 0 to 100 pH.

illustrates the frequency response of the LNA as Lg increases
from 0 to 100 pH. As expected, the distance between two peak
gains is greatly reduced due to the pole converging between
Im[p1] and Im[p5].

Fig. 7. Relative locus between p1 and p5 as gate inductor varies
from 2 to 100 pH.

Fig. 8. Schematic of a cascode LNA with gate inductor and drain–source
transformer.

Fig. 7 demonstrates the relative locus between p1 and p5 as
gate inductor increases. The ratio between Im[ p5] and Im[p1]
reduces from 8.9 to 1.5 as Lg increases from 2 to 100 pH,
which results in distance reduction between two peak gains.
The ratio between Re[p5] and Re[p1] stands for the relative
distance to the imaginary axis. As pointed out in [26], it is the
poles close to the imaginary axis that dominate the frequency
response. When Lg increases from 2 to 20 pH, the ratio
between Re[p5] and Re[p1] changes from 36 to 9, thus non-
dominant pole p5 turns out to dominate the frequency response
together with p1. In addition, the magnitude of the frequency
response is also enhanced due to the increase of Lg . The
closer to the imaginary axis results in the smaller minimum
value of pole vector, which leads to higher magnitude of the
frequency response. However, if large Lg is used, the stability
becomes an issue. As shown in Fig. 7 and the zoom-in figure
inserted in Fig. 5, p1 moves into the right-half plane and
Re[p1] changes from negative to positive when Lg larger
than 30 pH. Although Im[ p5] and Im[p1] keep converging,
Re[p5] starts to move away from the imaginary axis slowly,
reducing the magnitude of the frequency response, as indicated
in Fig. 6. Therefore, attentions must be paid to avoid the
unstable operation and gain degradation when designing the
gate inductor.



B. Negative Drain–Source Transformer Feedback

As shown in Fig. 6, the gate inductor introduces a gain
peaking to extend the bandwidth but with large ripple. Only
when the gain at the first dominant pole, p1, is restrained
and that at the second pole, p5, is enhanced, will the cas-
code LNA with pole-converging technique achieve a flat
gain-frequency response over a widebandwidth. In the liter-
ature, transformer feedback is extensively used for the design
of wideband amplifiers. Based on different configurations,
this technique can achieve various benefits such as neutral-
ization [27], transconductance enhancement [28], wideband
matching [17], [29], [30], noise cancellation [29], and band-
width extension [7], [15]. Nevertheless, negative transformer
feedback has an inevitable drawback of gain reducing in
almost direct proportion to other benefits achieved, which
actually can improve the gain-frequency response of the pole-
converging cascode LNA. Therefore, a negative drain–source
transformer feedback is introduced through magnetically cou-
pling the drain inductor and source inductor of the CG
amplifier in the cascode stage, as shown in Fig. 8. The source
inductor Ls tunes out the parasitic gate–source and gate–drain
capacitances of the CG and CS transistors, respectively, which
leads to higher fT of cascode structure, improving the per-
formance of cascode amplifiers at mm-wave frequencies [31].
The drain inductor Ld , as a shunt-peaking inductor itself, leads
to more initial charging current to the load capacitor of next
stage by delaying current flow to the inductor. Besides, the
transformer introduces a negative feedback current into Ld

through magnetic coupling. Thus, the charging process of the
load capacitor becomes much faster, which further extends
the 3-dB bandwidth. To investigate the effects on the gain-
frequency responses from the negative transformer feedback,
further investigations on magnetic coupling coefficient k,
drain inductor Ld , and source inductor Ls are taken in the
simulation.

Fig. 9 shows the locus of poles and zeros under various
coupling coefficients, while Fig. 10 demonstrates the gain-
frequency response of the cascode LNA with pole converging
and transformer feedback as coupling coefficient varies. Four
contributions of the proposed negative transformer feedback
can be observed in Figs. 9 and 10. First, p1 (p2) moves toward
to the left-half plane, which increases the stability of the LNA.
Second, p1 ( p2) moves away from the imaginary axis, and
the minimum value of pole vector for p1 is increased, which
reduces the magnitude of the frequency response at the first
dominant pole. Third, p5 (p6) moves toward the imaginary
axis, and the minimum value of pole vector for p5 is reduced,
which increases the magnitude of the frequency response at
the second dominant pole. Fourth, Im[ p1] and Im[p5] do
not change much due to the increase of coupling coefficient,
therefore, the proposed transformer feedback has much smaller
effect on the pole converging compared to the gate inductor.
If the magnetic coupling is too strong (k > 0.8), p5 will
be pushed to right-half plane, as shown in Fig. 9, leading
to stability issue. However, it is quite difficult to achieve
high magnetic coupling coefficient at mm-wave frequencies
for on-chip transformers. Thus, by designing the drain–source

Fig. 9. Locus of poles and zeros as coupling coefficient varies from 0 to 0.8
when Lg = 40 pH, dashed line with arrow shows the moving direction as k
increases.

Fig. 10. Gain-frequency response of the cascode LNA with pole converging
and transformer feedback as coupling coefficient varies from 0 to 0.8 when
Lg = 40 pH.

transformer properly, a flat gain-frequency response can be
achieved over a widebandwidth.

Fig. 11 illustrates the frequency responses with different
values of Ld and Ls . As indicated in Fig. 11(b), the first
gain peaking attributed to the drain inductor shifts down to
lower frequency as Ld increases. Compared to the magnetic
coupling coefficient, shown in Fig. 10, Ls has smaller impact
on the gain-frequency response, which actually offers a design
freedom to obtain optimal k by changing the value of Ls .

C. Wideband Input Matching

At mm-wave frequencies, the parasitic pad capacitance Cpad
reduces the matching bandwidth of conventional source degen-
eration matching network because of introducing an addi-
tional parallel resonant circuit at the input. Thus, Cpad must
be designed as part of the matching network. By using
a shunt-series feedback, Cpad and the input capacitance
of the transistor can be simultaneously compensated over
a widebandwidth [17]. Fig. 12 shows the input stage of the
cascode LNA with shunt-series feedback and the simplified

 



Fig. 11. Gain-frequency response as (a) drain inductor Ld varies (when
Lg = 40 pH, Ls = 100 pH, and k = 0.5) and (b) source inductor Ls varies
(when Lg = 40 pH, Ld = 70 pH, and k = 0.5).

Fig. 12. (a) Input stage of the cascode LNA with shunt-series feedback.
(b) Simplified small-signal equivalent circuit of the CS amplifier.

small-signal equivalent circuit of the CS amplifier. Based on
the small-signal analysis, the input admittance can be derived
as (2)
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where

n1 = √
L2/L1. (3)

As can be seen in (2), Cpad is absorbed into the input capac-
itance of M1, forming one parallel resonant circuit with L1.
The simulated effects on input matching from k1 and L1 are
illustrated in Fig. 13(a) and (b), respectively.

To analyze the impacts on the input matching from the gate
inductor and the drain–source transformer, further analysis
about the input stage of the three-stage cascode LNA and

Fig. 13. Simulated input matching as (a) k1 varies (when L1 = 50 pH,
L2 = 30 pH, Ld = 70 pH, Ls = 100 pH, Lg = 90 pH, and k = 0.5) and
(b) L1 varies (when L2 = 30 pH, Ld = 70 pH, Ls = 100 pH, Lg = 90 pH,
k = 0.5, and k1 = 0.4).

Fig. 14. (a) Input stage of the cascode LNA with shunt-series feedback.
(b) Simplified small-signal equivalent circuit of the CG amplifier.

the simplified small-signal equivalent circuit of the CG ampli-
fier is also provided. As shown in Fig. 14, the shunt-series
transformer (L1 and L2) feedback of M1 itself provides a
wideband input matching [17], but the input matching is also
affected by the input impedance of the CG amplifier as the
magnetic coupling coefficient varies. For the sake of simplicity,
only the input impedance of the CG amplifier is theoretically
analyzed. Based on the small-signal equivalent circuit shown
in Fig. 14(b), the input impedance of the CG amplifier is
derived as (4)

Z in(s) =
[
βgm2 + βsCgs2 + 1

sLs
+ βkn

1 − k2 · gm2 Z L

(sLd +Z L)

]−1

(4)

where

β = 1

1 + s2 LgCgs2
(5)

n = √
Ld/Ls (6)

where β is Gm-boosting coefficient, n is the turn ratio of
the drain–source transformer, and Z L is the load impedance

 



Fig. 15. Simulated input matching as (a) magnetic coupling coefficient k
varies (when Ld = 70 pH, Ls = 100 pH, and Lg = 90 pH) and (b) gate
inductor Lg varies (when Ld = 70 pH, Ls = 100 pH, and k = 0.4).

including the parasitic inductance of interconnections and the
load capacitor from the next stage. As can be seen in (4),
the magnetic coupling introduces additional zeros by the
fourth term, thus the input impedance bandwidth is enlarged.
However, when k changes to zero, the input impedance turns
out to be the following equation, thus the bandwidth is
reduced:

Z ′
in(s) =

[
βgm2 + βsCgs2 + 1

sLs

]−1

. (7)

As illustrated in Fig. 15(a), with the increasing of k, the match-
ing bandwidth becomes much better than that of the amplifier
without magnetic coupling. However, if the magnetic coupling
becomes too strong, the negative transformer feedback may
make the amplifier oscillate at the second pole, as indicated
in Fig. 9. Therefore, cares should be taken when using this
transformer feedback to avoid unstable operation.

Further to the magnetic coupling coefficient, the
Gm-boosting coefficient β also exhibits great effects on
the input matching. Note that the gate inductor boosts
not only the effective transconductance of M2 but also the
effective gate–source capacitance. Due to the boosted effective
gate–source capacitance, the charging process becomes much
slower. Thus, the input matching bandwidth is reduced, as
shown in Fig. 15(b). In brief, gate inductor enhances the power
gain but reduces the input matching bandwidth; nevertheless,
the bandwidth is compensated by the drain–source trans-
former to some extent.

III. WIDEBAND LOW-NOISE AMPLIFIER DESIGN

A. Design Methodology

The proposed pole-converging intrastage bandwidth exten-
sion technique is adopted to extend the bandwidth of amplifiers
in cascode topology. Compared to CG and CS amplifiers,
cascode amplifiers provide better reverse isolation, higher
power gain, and simultaneous noise and power matching
over a wideband bandwidth. A design methodology has been
developed for the implementation of a CMOS cascode LNA

Fig. 16. Schematic of the three-stage LNA with pole converging and
drain–source transformer feedback.

with pole-converging and negative drain–source transformer-
feedback techniques shown in Fig. 12(a).

Step 1: Choose the minimum length to maximize power gain
and set the bias to the optimum NFMIN current density (JOPT)
to minimize transistor noise. The JOPT is about 0.15 mA/μm,
which is independent of CMOS technology node [31].

Step 2: Choose the optimal W f to minimize NFMIN. For
65/90-nm CMOS, W f is 0.7–1.5 μm [32].

Step 3: Choose the number of fingers (N f ) with respect to
the specification of current consumption.

Step 4: Find the optimal value of Ls for the cascode by
plotting the fT of the cascode versus Ls through simulation
under the condition of no drain–source coupling (k = 0). Note
that the value of Ls scales with N−1

f .
Step 5: Based on (2), estimate the value of L1 assuming

that k1 = 0.5 and n1 = 1.
Step 6: Find the optimal value of L2 by plotting the S11

of the cascode versus L2 through simulation and optimize the
value of L1.

Step 7: Design the shunt-series transformer with the
optimized L1 and L2.

Step 8: Find the optimal value of Ld to maximize the
power gain at frequencies of interest under the condition of no
drain–source coupling (k = 0).

Step 9: Design the drain–source transformer with maximum
coupling coefficient based on the values of Ls and Ld achieved
in Steps 4 and 8, respectively.

Step 10: Add the gate inductor Lg to boost the power gain
and converge two dominant poles in the transfer function.
Optimize the value of Lg to achieve a flat gain response over
a widebandwidth through simulation.

Step 11: Return to Steps 6 and 7 to optimize the shunt-
series transformer to improve the input matching with the
consideration of effects from Steps 9 and 10.

Step 12: Optimize the biasing voltage, and make a tradeoff
between minimizing the NF and maximizing the power gain.

Step 13: After completing the layout and parasitic parame-
ters extraction, further optimize the shunt-series transformer,
drain–source transformer, and gate inductor.

Following this design methodology, a wideband amplifier
with a flat gain-frequency response can be achieved.

 



Fig. 17. Layout of the implemented drain–source transformer. (a) Top view
(mesh reference [33], [34]). (b) Cross-section view.

Fig. 18. EM simulation results of the drain–source transformer.
(a) Inductances. (b) Quality factors and magnetic coupling coefficient.

B. Circuit Implementation

A three-stage cascode LNA with the proposed pole converg-
ing and negative drain–source transformer feedback has been
designed in a 65-nm CMOS technology, as shown in Fig. 16.
All the transistors have a finger width of 1 μm with the
minimum gate length, which results in a good compromise
between the gate-resistance reducing and fT degradation due
to the gate-bulk capacitance. The input stage adopts shunt-
series feedback to provide wideband input matching and the
last stage with asymmetric T-coil peaking works as a wideband
output buffer. The parasitic capacitances of testing pads are
designed as part of the input and output matching networks.
The pole-converging and negative drain–source transformer-
feedback techniques for intrastage bandwidth extension are
implemented in the first two stages, and L-type interstage
matching network is adopted. The drain–source transformer
is implemented in a stacked topology for a high magnetic
coupling coefficient and a small footprint. As shown in Fig. 17,
top two metals with thickness of 1.325 and 3.3 μm are
stacked for the primary and secondary windings, respectively.
Fig. 18 shows the EM simulation results of the effective
inductances and quality factors for the primary and sec-

TABLE I

DESIGN PARAMETERS OF THE THREE-STAGE CASCODE LNA

Fig. 19. Monte Carlo simulation of the proposed LNA. (a) 3-dB bandwidth.
(b) |S21| at 80 GHz. (c) NF at 80 GHz. (d) K factor at 80 GHz.

ondary windings of the drain–source transformer. Ld and
Ls are 55 and 88 pH, respectively, and the quality factors
are above nine with a coupling coefficient of 0.41 at 80
GHz. The top thick metal has been used to implement the
gate inductors and interconnections in order to reduce the
loss. All inductors, transformers, and testing pads are custom
designed with interconnections and simulated in the 3-D
EM simulator ANSYS High-Frequency Structure Simulator.
Table I lists the optimized parameters of circuit elements in the
three-stage cascode LNA.

Postlayout simulation of the proposed three-stage LNA
provides a 3-dB bandwidth of 38 GHz with a peak gain of
22 dB at 1.8 V. Monte Carlo simulation with consideration of
mismatch and process variations have also been performed to
verify the robustness of the proposed design technique. Fig. 19
shows the Monte Carlo simulation results of 1000 runs of
the proposed LNA at nominal corner. The 3-dB bandwidth
exhibits a mean value of 38.9 GHz with a standard deviation
of 1.3 GHz. The mean value and standard deviation of |S21| at
80 GHz are 22.5 and 1.5 dB, respectively, while those values of
NF are 5.0 and 0.27 dB, respectively. Stability across process
variations is also investigated. The mean value and standard
deviation of stability factor are 90.3 and 14.1, respectively.

IV. EXPERIMENTAL RESULTS

The proposed broadband LNA was fabricated using
GLOBALFOUNDRIES 65-nm CMOS technology. Fig. 20
shows the die micrograph of the broadband LNA.



Fig. 20. Die micrograph of the ultrawideband LNA.

Fig. 21. Simulated and measured S-parameters in high-gain mode.

Fig. 22. Simulated and measured S-parameters in low-power mode.

This amplifier presents a core circuit size of only 0.06 mm2

and occupies a silicon area of 0.24 mm2 including all
the pads. The LNA draws 15.2 mA from a 1.8 V supply
(hereinafter, “high-gain mode”), while it has a power
consumption of 12 mW under the nominal supply voltage of
1.2 V (hereinafter, “low-power mode”).

The LNA was measured through on-wafer testing by
using Cascade Microtech Elite 300 probe station and Agilent
N5247A PNA-X microwave network analyzer with N5256A

Fig. 23. Measured reverse isolation and group delay in high-gain mode.

Fig. 24. Measured stability factors K and � in high-gain mode.

Fig. 25. NF measurement setup.

mm-wave head controller. The measured S-parameters of high-
gain mode are plotted in Fig. 21. The prototype achieves
a 3-dB bandwidth from 62.5 to 92.5 GHz with a peak gain of
18.5 dB at 68 GHz. The input return loss is better than 10 dB
from 60.5 GHz to beyond 110 GHz, while the output return
loss is better than 6 dB within the entire 3-dB bandwidth.
When there is a constraint on the power consumption, the
proposed LNA can provide a peak power gain of 13.3 dB
at 69 GHz with a 3-dB bandwidth from 63.5 to 91 GHz in
the low-power mode, as depicted in Fig. 22. Wideband input
and output matching are also obtained, |S11| < −12.1 dB
and |S22| < −6.5 dB in the 3-dB bandwidth. Compared to

 



TABLE II

PERFORMANCE SUMMARY AND COMPARISON TO STATE-OF-THE-ART WIDEBAND mm-WAVE LNAs

simulated results, the measured 3-dB bandwidth reduces by
∼8 GHz mainly due to the degradation of magnetic cou-
pling coefficient of the drain–source transformer (as illustrated
in Fig. 10). Such degradation is caused by randomized dummy
metal fills, which are used to satisfy the design rule of
minimum metal density. The dummy metal fills introduce
additional parasitic capacitance, degrading the inductance and
quality factor, which were not fully considered in EM simula-
tion. Fig. 23 shows the measured reverse isolation and group
delay of the proposed wideband LNA. Within the entire 3-dB
bandwidth, the isolation is better than 45 dB, and the group
delay is 40 ps with a variation of ±10 ps. Fig. 24 illustrates the
measured Rollett’s stability factors K and �, which indicates
stability of the proposed LNA.

Fig. 25 demonstrates the NF measurement setup. This
measurement setup utilizes Y-factor method through turning
on and off a noise source, which delivers a uniform level
of noise power spectral density with a typical excess noise
ratio of 12 dB within the full W -band. The setup consists
of a W -band noise source, a W -band preamplifier, a spec-
trum analyzer receiver (SAR), and an FSUP signal source
analyzer. The preamplifier is used to improve the sensitiv-
ity level. The SAR down-converts the W -band frequencies
and converts the waveguide interface to coaxial interface for
the Local Oscillator (LO) and IF connections. The FSUP,
equipped with LO/IF option for external mixer, provides a
control voltage of 28 V to the noise source and measure
the NF of the LNA. To obtain a more accurate NF, a sec-



Fig. 26. Simulated and measured NFs in high-gain mode and low-power
mode.

Fig. 27. Large-signal measurement setup.

Fig. 28. Measured output power versus input power at 80 GHz.

ond stage calibration was performed to remove the NF of
the spectrum analyzer, and the average of 20 measurements
was taken. Due to the limitation of measurement setup,
NF was measured from 75 to 100 GHz. The average NF of
the high-gain mode is 6.8 dB with a minimum value of 5.5 dB
at 90 GHz, while the LNA in the low-power mode exhibits
an average NF of 7.6 dB with a minimum value of 6.4 dB
at 82 GHz, as depicted in Fig. 26.

Fig. 27 demonstrates the large-signal measurement setup.
This setup is composed of a microwave signal generator, an
active multiplier (×6) with output power of ∼12 dBm, a
tunable attenuator with maximum attenuation of 40 dB, and
a thermal power sensor. Before testing the LNA, point A was

directly connected to point B to measure the input power.
By tuning the attenuator, different levels of input power
were obtained. Then the output power of the LNA was
measured through on-wafer testing. After de-embedding the
insertion losses of the GSG pads and cables, large-signal
characterizations of the amplifier were achieved, as illustrated
in Fig. 28. The proposed amplifier exhibits an output-referred
P1 dB of 2.5 dBm in high-gain mode, while that in low-power
mode is −2.0 dBm.

Table II summaries the performance of the proposed broad-
band LNA and other state-of-the-art LNAs. The bandwidth of
proposed LNA is significantly extended by the proposed pole-
converging and negative drain–source transformer-feedback
techniques without increasing the power consumption and die
size. A commonly used figure of merit (FoM) [15] is adopted
for comparison in the table, which takes the power gain,
3-dB bandwidth, noise factor, and power consumption into
account, defined as

FoM = Gain[abs.] × BW[GHz]
(F − 1) × PDC[mW] . (8)

V. CONCLUSION

A pole-converging technique for intrastage bandwidth
extension has been proposed and analyzed in this paper,
and a design methodology for wideband amplifiers based on
this technique was developed. By employing gate inductors
and negative drain–source transformers in the intrastages, the
transfer function of each stage exhibits two dominant poles,
achieving a flat gain-frequency response over an ultrawide
bandwidth. A three-stage cascode LNA based on the pole-
converging technique is designed and implemented in a 65-nm
CMOS technology. Since the gain is boosted in a passive way
and stacked transformers are adopted, the 3-dB bandwidth is
greatly extended without increasing the power consumption
and the chip area. The prototype achieves peak power gain
of 18.5 dB, minimum NF of 5.5 dB, and 3-dB bandwidth
of 30 GHz with low power consumption of 27 mW. This
technique can be combined with other interstage bandwidth
enhancement techniques to achieve greater improvement.
Furthermore, although this paper is about mm-wave LNA
design, the design methodology can be extended to wideband
amplifier design at lower frequencies. In addition, an amplifier
with variable gain or bandwidth can be achieved, if the gate
inductor is switchable or the magnetic coupling coefficient of
the drain–source transformer is reconfigurable.
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