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A 20 MHz-2 GHz Inductorless Two-Fold
Noise-Canceling Low-Noise Amplifier
in 28-nm CMOS

Amir Bozorg

Abstract—In this paper, a wideband low-noise amplifier (LNA)
with a two-fold noise cancellation scheme is proposed. Finetuned
for advanced CMOS, the proposed LNA architecture uses a
common-gate input branch to provide wideband input matching.
It is followed by two stages of the common-source structure which
cancels the noise and distortion of the first and second stages and
relaxes the design restriction on the first noise-cancellation stage.
The provided circuit-level analysis is verified by simulations.
The proposed LNA is fabricated in 28-nm CMOS. It achieves
a minimum noise figure (NF) of 2.5dB and input return loss
(S11) < —15dB over 0.02-2GHz bandwidth while consuming
only 4.1 mW from a 1V supply and driving an external 50-£2 load.
The —3dB power gain (S31) is 18.5dB and IIP3 is +4.25dBm.

Index Terms—4G/5G receivers, current reuse, cognitive radios,
low-noise amplifier (LNA), noise reduction, noise cancellation,
software-defined radios.

I. INTRODUCTION

O BE able to amplify the received RF signal at any

of the supported cellular frequency bands, a wideband
(WB) noise-canceling (NC) low-noise amplifier (LNA) has
become a subject of intensive research in both industry and
academia [1]-[4]. Replacing multiple LNAs with a single LNA
not only saves the silicon area, but also the printed circuit
board (PCB) footprint of volume-constrained applications, and
lowers the total bill of materials (BOM). It further eliminates
the antenna switch that would be otherwise necessary to route
the received signal to the appropriate LNA, thus worsening
the noise figure of the overall receiver.

To provide wideband input matching, a common-gate
(CG) topology of the LNA input stage is one of the
appealing candidates [5]. The noise factor (NF) and input
impedance of the CG structure depend inversely on its
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Fig. 1. Conventional wideband noise-canceling LNA.

transconductance, g, which means that the CG struc-
ture will suffer from poor noise performance if it is
designed to provide the wideband input matching. More-
over, high linearity is required for multi-mode RF front-ends
to reduce cross-modulation/inter-modulation because of the
increased need for co-existence of adjacent blockers or
on-chip leakage from its own transmitter [6]. A popular
method to enhance the noise performance of a CG ampli-
fier is a noise cancellation (NC) technique which removes
the channel thermal noise of the main antenna-interfacing
transistor [1], [7] [8].

Recently, a new approach of combining noise cancellation
and noise reduction techniques was introduced in [4]. The
noise reduction technique there is based on a current-reuse
approach, which was applied to the CG noise-cancellation
stage to reduce the channel thermal noise of the following
common-source (CS) cancellation stage. Moreover, it was
designed as a low-noise transconductance amplifier (LNTA)
with an intention of providing high impedance for driving
a passive mixer in an integrated receiver, while also being
able to drive an external 50 Q load. The noise reduction stage
improves the noise performance of the CG noise-canceling
structure. However, stacking up three transistors limits the
available voltage swing in its output stage, thus leading to
some degradation in the linearity performance.

Figurel shows a conventional WB-NC LNA [9], [10].
Common-gate transistor M is used as an input stage so as
to provide the wideband input matching to 50 Q. The channel
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Fig. 2. Proposed two-fold noise cancellation LNA.

thermal noise of M; creates two out-of-phase voltage noise
perturbations at nodes P and N, with the latter being smaller
in amplitude. By amplifying the voltage noise N through M;
and adding it to the voltage noise P amplified through M3,
the noise originated by the input transistor M; can be canceled
at the output. Although this structure can effectively cancel the
channel thermal noise of M; by means of the second stage
(M, and M3), the noise of the second stage is unaffected and
can negatively impact the overall noise performance. This is
reinforced by the fact that the input matching stage does not
provide enough gain, so M> can now be the dominant noise
source. As will be later shown in Section II-C, to meet this
noise-cancellation condition, the size of M5 should be chosen
large enough, but this will add more design restrictions, such
as burning more power as well as increasing the amount of
parasitic capacitance at the output node.

In this paper, we propose a two-fold noise canceling LNA
architecture which not only cancels the noise of the input
matching transistor, as done conventionally, but it also cancels
the noise of the noise-canceling transistor itself. Furthermore,
the proposed complementary pMOS/nMOS structure can also
cancel the transistors’ distortions.

The paper is organized as follows. The proposed wideband
LNA is explained in Section II, further providing an analysis
of input matching, gain, noise, and linearity. In Section III,
the measurement and simulation results are presented. The
conclusions are drawn in Section IV.

II. PROPOSED ARCHITECTURE

The proposed LNA architecture is shown in Fig.2. The three
stages realize the two-fold noise cancellation (NC) to further
lower the noise figure (NF) while extending the bandwidth.
M is used as the CG structure for providing the broadband
input matching. As in the prior art, the second stage is a NC
complementary common-source (CS) topology consisting of
M, and M3, which is a pMOS/nMOS pair used to improve
linearity. After applying the conventional noise-cancellation
technique, the most important noise source is now due to
the CS transistors in the second stage. To deal with this new
challenge, the third stage, consisting of M4 and Ms, is utilized
to cancel the channel thermal noise of M> and Ms3.

cancellation stage cancellation stage

External input shunt inductor Lg; (4310LC series SMD
component) is used at the source of M; to provide a dc
current path and to cancel the deleterious effect of the parasitic
capacitances of transistors My, M1, M and M4. Since node
Q is of high impedance, its voltage can vary substantially.
Consequently, the negative feedback resistor, Rr, is used to
prevent the variation of dc voltage at node Q. Since the Miller
multiplication of Rr makes it much larger than the input and
output impedances, its effect is ignored in all analysis.

A. Input Matching

As shown in Fig.2, the CG transistor M of the first stage
realizes the wideband input matching. Its input impedance of
1/(gm1+ &gmp1) is, to the first order, independent of frequency.
To simplify the ensuing notations, we lump the body effect
into the main transconductance g,,. Henceforth, G, stands
for (1 + gmoRpo)(gm1 + gmp1). The input impedance is
calculated as:

Zin
_ Rps +sLg
CrLs>+(Rus O+ Lot gty + Ry (il +1
ey

where Ry is the series resistance of Ly. Cy denotes the total
parasitic capacitance seen by the input node which is damped
by L. The input matching condition, S1; < —10dB, will be
achieved if |Z;,| is around 50€Q. As indicated by (1), at mid
frequencies, the input impedance is ~ 1/G,1. At very low
frequencies, the input matching can be effectively influenced
by external Ly, so its value should be chosen high enough to
ensure good matching there.

The off-chip inductor Ly is connected to the antenna pin,
thus not consuming any extra pads on the chip. It is used for
dc biasing but not used for matching; hence its value has to
be merely high enough (e.g. 1.3 xH) as not to affect the input
impedance (i.e. a lower value of the inductor could only affect
the lower frequency limit of the bandwidth, f1). In this case,
equation (1) can be simplified to:

1

Zin N ——————
" Cns + Gl

)
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Fig. 3.  Effect of external Lg on the input matching: (dotted curves) full
circuit SPICE simulations, (solid curves) plots of equation (1).

According to (2), the input matching is mainly defined by
My and M. Therefore, if Ly changes, for instance from 0.8 ¢H
to 1.4 uH, there will be no tangible change on Si;. This
has been confirmed in full-circuit SPICE simulations shown
in Figure 3, which plots the input matching characteristic
S11 for various values of Lg. For reference, plots based
on (1) are also included. A zoomed-in version concentrating
on the lower frequencies is re-plotted in Fig. 4 (top). Based on
this data, Fig.4 (bottom) visualizes at what frequency (y-axis)
the magnitude of Sy; worsens by 0.5dB for a given value of
L, (x-axis).

B. Gain Analysis

Three stages are used in the proposed structure, so a
significant gain is expected. The second stage is the most
effective in providing the gain and so it consumes the most
current. Since the first stage should ensure the input matching
condition, it draws less current. Therefore, its voltage gain
cannot be very high. In addition, the third stage acts as an
output buffer and so its gain cannot be substantially increased.

The equivalent small-signal impedance seen from the drain
of M toward the ground is termed Zp and is equal to

IIS cr (3)
where Cp is the total parasitic capacitance to ground at node
P. Zo is equal to rys||ras3||1/sCo where Co is the total
parasitic capacitance at node Q. Z,,; is defined as the output
impedance, which is calculated as rgga||rgss5|11/gms!11/SCout,
where C,,; is the output parasitic capacitance. By considering
the input matching condition, 1/G,,1 = Ry, the voltage gain
of the proposed LNA is calculated as:

1
Zp = Rp1ll [f”dsl + ——IIsLs(1 + Gmlrdsl)}
SCN

1
Ay = 5[(Gmlgm3|ZP| + ng)ZngS + gmallZousrl  (4)

/

The voltage gain of the proposed LNA, A;, without con-
sidering the third stage, is equal to: A), = fZ¢, in which S is
equal to (1/2)[gm2 + Gm1gm3|Zp|]. As stated by the transfer
function of Zg, the dominant pole causes Z¢ to have a large
variation (Zg’s roll-off happens at low frequencies), so its
bandwidth reduces. When considering the third stage, the total
voltage gain is equal to: A, = (gmsfZo + 8ma/2|Zousl.
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Fig. 4. (top) Zoomed-in S1; of Fig.3 showing the sensitivity of low-side
frequency f7 at which Sy changes by 0.5dB for different values of Ly with
respect t0 Sy (Ly=1.4,H) = —12.45dB at 20MHz; (bottom) the sensitivity
of the lower frequency of the input matching to Lg for AS1; = 0.5dB.

The My’s transconductance is added to g,,5A/ which creates a
zero after the pole to neutralize its effect. Parasitic capacitance
of the last stage defines the dominant pole as well as the
roll-off frequency. Hence, by applying the proposed double
noise-cancellation technique, although the gain of the proposed
LNA increases, the bandwidth of the circuit slightly decreases
due to more parasitic capacitances.

To validate the theoretical calculation derived in (4), it is
superimposed on the full-circuit SPICE simulation in Fig.5.
It reveals good matching within the 3-dB bandwidth of 4 GHz.
It is worth mentioning that although the g,,-boost transistor,
My, slightly increases the parasitics at the input node, its
small size does not affect the bandwidth substantially. Figure 6
shows the effect of Mj size on the bandwidth: By increasing
the size of My from 10 to 20 xm, the upper cutoff frequency
drops by 210 MHz, from 3.9 GHz to 3.69 GHz.

C. Noise Analysis

As mentioned above, the proposed LNA exploits the
two-fold noise cancellation to lower the NFE. The first (conven-
tional) technique is applied to the CG structure. The second
(new) technique is used for the CS transistors in the second
stage.

1) First Noise Cancellation for CG Transistors: As men-
tioned, to compensate for the high NF of the CG structure,
the noise cancellation technique is applied to cancel the
thermal noise of the input transistor (see Fig. 1). The two noise
voltages generated due to the thermal current noise of M are
calculated as VZN = le\, -TiMl and Vﬁp = -Z%. TZ’MI.
Thus, the current noise (/,2) generated in the second stage
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To reuse the current of M>, M3 is selected as a pMOS
transistor. By applying the noise cancellation condition,
the noise factor of the structure shown in Fig.1 (i.e without
yet applying the proposed third stage), F(fig1), is equal to
Ffigry = 1 + Fyo + Fy3 where the noise factor terms are
given by:

4kTgm2|ZQ|2Z _ 4gm2 Y

Fur = = =
4kTRSA;)2 a RS(|ZP|Gm1gm3 + gm2)2 o
~ 1
N Ry(gm2) a
Fys = 4kTgm3|ZQ|2Z _ 4gm3 by
4kTRSA;)2 a Rs(lzPlelgm3 + gm2)2 a
~ 1 Y
= = (7)
|Zp|*Gm1gm3 o

where A is the voltage gain of the Fig.1 LNA and given in
Section II-B, y is the excess noise factor in short channel
devices, and « is the ratio of the transconductance g, to
the zero-bias drain conductance gg0. Moreover, Zp and Zg
were calculated in Section II-B. Since the entire parasitic
capacitance, Cy, at the input node is damped by Ly, the rela-
tionship Z;, = Zy = Ry = 1/Gyy is assumed. Thus, Fj is
approximately given by:

14 14
0Rsgm> a|ZP|2(Gml)gm3

As stated by (8), the noise performance gets better by
canceling the noise effect of M;, whereas the thermal noise
of M>3—i.e. common source transistors—now substantially
influences the noise factor. Moreover, according to (6), to fully
cancel the noise of M1, g,> should be at least 8 x larger than
gm3 (1.6 Rp1/Rs > 8), leading to a large size for transistor
M>, which increases the power and parasitic capacitance
at the output node. The proposed second noise-cancellation
technique is applied for both canceling out the noise of M;
and relaxing the design constraints on the first cancellation
stage (M>).

F(ﬁg]) =14+

)

====~
18 ~===§=§
N
17 -
16
om
z 1541 Ry,
=15 Qs
QN 15.3 ‘tk\ ——- Wpm,=10uM
8 152 \Q\ ——- Wm=12uM
14 & \t\ Wi, =14uM
15.1 \:i\ Wh, =16 uM
13 15.0 §:\ ——- Wn=18uM
AR=210MHz| Ny | === Wpn,=20uM
36 37 38 39 | 40
12 Frequency (GHz)
1 2 3 4

Frequency (GHz)

Fig. 6. Simulated Sp; for different values of M.

2) Proposed Second Noise Cancellation for CS Transistors:
By proposing the second noise-cancellation stage (i.e M4, Ms),
the noise of both the first and second stages (i.e the input and
first noise cancellation stages) are canceled twice through the
proposed two-fold noise cancellation technique.

As shown in Fig.2, firstly, the noise of M; reduces sig-
nificantly at node Q through M; 3; then it is canceled com-
pletely at the output node by passing through the second
noise-cancellation stage. Hence, the noise-cancellation crite-
rion of the input transistor is calculated as:

__ Rpi
Ry

ngngZQ + 8m4 _ ‘ﬁ 9)

8m38m5 Zy

The noise current of transistor M> flows through the feed-
back resistor, Rr, to node S (i.e AC-wise, it has the same
voltage as at node N) and ‘instantaneously’ creates two noise
voltages at nodes S and Q with the same phase but different
amplitudes. On the other hand, the signal voltage at these
nodes has opposite phases and different amplitudes due to the
inverting amplifier. The difference between signal and noise
polarities at nodes S and Q makes it possible to cancel the
M> noise while adding the signal contributions constructively.

The thermal current noise of M, is canceled twice at node
Q and at the output. Firstly, the noise voltage at node S,

V.5, is amplified and inverted by M and M3 and added with

. 2
the already generated noise voltage at node Q, V. Hence,
the noise of M reduces significantly at node Q. Moreover,

Vs is amplified and inverted by M4. Also, the noise voltage

at node Q, ViQ, is passed across M5 without any change in
phase. Finally at the output, these two noise voltages with
opposite phases are added. Therefore, the channel thermal
noise of M will be canceled completely at the output provided
the following condition is satisfied:

gms8m3Gm1ZprZo + gma _ (RF+RY)I1Zg| _ |Zol
gm4 R_y RS

(10)

By canceling the thermal noise of transistors M1 and M>,
the most important noise sources in this two-fold noise can-
cellation scheme are the thermal noise of Rpj and the channel
thermal noise of transistors My, and Ms. The noise factor of
the proposed LNA is equal to F =1+ Fg,, + Fysa + Fus.,
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where the Fg,, term is given by the following relation:

F _ 4kTRD1(ngng|Zonut|)2(Zol/(Zol + RDI))2
Rp1 = 4kT Ry A2

2
~ 4ZQ
GmiRpi1(1 + Zp)?

where Z,; is the impedance seen from the drain of transistor
M; and is equal to Z,1 = [ras1 + (Rs||1/sCnllsLs)(1 +
Gmiras1)]. The Fya and Fyys5 terms are derived as:

(1)

4kTgm4lzout|2 Z

F =
MEZ TUKTRAZ
4
_ Y 48m4 . (12)
aR[(I1ZPIGp18m3 + &m2)&ms| Z ol + gmal
F 4kTgm5|Zout|2 Y
M5 = —

4kTR;A2  «
_ Y 48ms (13)
aR[(I1ZpIGm1gm3 + gm2)8mslZo| + gm4]2
where grqs > 1 and (R + Rs/2) > Zg is assumed.

By exploiting the two noise cancellation techniques,
the noise factor is given by the following formula, in which the
noise-cancellation and input-matching conditions are applied
for simplification:

Y 48ma
aR[(|Zp|Gmigms + gm2)gm5|ZQ| + gm4]2
+ 7 48ms

aR[(IZp|Gm18&m3 + gm2)§m5|ZQ| + gm4]2
. 473,
GmiRp1(1+ Zg)?

The channel thermal noise of the third stage is incorporated
in (14). However, the effect of the third and fourth terms
of (14)—i.e. the noise effect of the third stage referred to
the input—is very small because it is divided by the total
voltage gain of the LNA so that it has the least influence on the
total noise factor. Therefore, it is expected that the presented
structure achieves a very low noise figure by virtue of meeting
the noise cancellation conditions. The main drawback of the
proposed structure is the additional extra branch in the LNA
signal path, which slightly increases the power consumption.

The efficacy of the proposed two-fold noise-cancellation
technique of Fig.2 is depicted by the NF circuit simulation
plots in Fig.7 with superimposed analytical plots to verify
the derived noise equations. It is also compared with the con-
ventional noise cancellation presented in Fig.1. By applying
the proposed technique, the total NF improves by more than
1dB compared to the conventional technique (e.g. Fig.1).
Moreover, this technique relaxes the design constraints on
M>, which helps to provide the noise cancellation criteria at
a smaller transistor size.

F=1+

(14)

D. Linearity

We have shown that by applying the two noise-cancellation
techniques, the noise performance of the proposed LNA can
be improved. Moreover, the nonlinearity of the CG transistor,
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=== Sim/Ana. conventional
4514
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Fig. 7. Comparison between the simulated (dotted line) and derived [solid

line, formulas (8) and (14)] NF of the conventional and proposed LNA. The
simulated contributions of each device of the proposed design is shown in
inserted table.

including its second- and third-order products, can be modeled
as a nonlinear current source between its drain and source,
controlled by both Vg and Vy. This nonlinear current also
produces two voltage drops at nodes N and P which can be
defined based on Volterra series and can be completely neutral-
ized at the output if the non-linearity cancellation conditions
are satisfied [8], [11]. This analysis is not provided here;
however, intuitively, meeting the noise cancellation criteria
helps to decrease the intrinsic distortion generated by M,
including g, and g4y nonlinearities.

Moreover, by biasing transistor M; in a “sweet spot”, its
third nonlinearity coefficient (i.e. g, which is the second
derivative of g,) will be zero, which improves the linearity
performance of the proposed LNA. The “sweet spot” biasing
means that the external supply voltage for the M biasing is set
to its optimal value to adjust for the process spread (see Fig.8)
before the full suite of performance measurements, and is not
adjusted afterwards. It is worth mentioning that the sweet-spot
biasing only pertains to M; and is not relevant for the
other transistors, hence its complexity is only 1-dimensional,
thus manageable. More importantly, it is quite insensitive to
the process and temperature variations, as verified by the
simulations in Figs.8(a) and (b), respectively. By changing
the temperature, the second derivative of gm, g;,/l, which has a
direct effect on IIP3, shifts only slightly, 50 mV. Furthermore,
since M; is mainly applied for the input matching, placed in
the first stage, its effective gain is not high, so its linearity
contribution is less dominant and the signal provided to
the second stage is still small. In other words, it is biased
mainly to provide the required g, for the input matching.
Moreover, Fig.8(c) shows the variation of g, versus Vg for
different values of Vpp, which also confirms the “sweet spot”
of the first stage is less sensitive to the Vpp variations. As a
result, the Vpp and temperature induced variations of g;;l
show that M| is not significantly sensitive, so there is no strong
need to use the g, -constant biasing here.

Finally, it is worth mentioning that it is the M5 3’s distortion
that dominates the residual nonlinearity. It can also be mod-
eled as a nonlinear current between their drain and source.
By passing this current through Rr and Ry, two nonlinear
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voltages are created at nodes Q and S, which, by extending the
Volterra series at these nodes, it can be shown that the second
noise-cancellation technique can help to reduce the effects of
nonlinearities of M3 [11], [12]. Moreover, the second-order
non-linearities of nMOS and pMOS transistors (M> 3) neutral-
ize each other’s effects. As a result, the effective IM2 decreases
significantly leading to a significant improvement in the I1IP2.

II1. MEASUREMENT RESULTS

The proposed 0.02-2GHz LNA is fabricated in TSMC
28-nm bulk LP CMOS, whose microchip photograph is shown
in Fig.9. The device dimensions are shown in the table
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Fig. 10. Measured and simulated input and output return loss.
TABLE I
BIASING AND MEASURED CURRENT CONSUMPTION

VBo

0.65V

Io

1 mA

Vb1

050V

I

0.7mA

\%:3

048V

I

1.3mA

VB3

035V

I

1.1mA

VB4

0.6V

0.7V

VBs

in Fig.2. Moreover, the biasing and measured current con-
sumption are listed in Table I. Although the advanced tech-
nology node transistors provide better noise performance, their
intrinsic gain, g,,/gds, reduces because the output conductance
increases as a result of poorer short-channel control. Moreover,
by going from older technology to an advanced one, Vpp is
normally reduced by almost half while the MOS threshold
voltage, Vi, does not change considerably. Hence, the avail-
able voltage headroom reduces dramatically, as does the gain.
By means of the two-fold noise-cancellation technique, it is
now possible to achieve a reasonably high and flat small-signal
gain with a low NF performance. This LNA is able to reach
18.5dB of maximum gain with NF of 2.5 dB, while dissipating
only 4.1 mW.

Figure 10 shows the input and output return loss, |Sii]
and |S2»], versus frequency. The use of CG transistors in the
input stage provides an acceptable |S71|. The measured |S71|
is <-15dB over the 0.02-4 GHz bandwidth. The simulated
and measured transfer functions are plotted in Fig.11. The
3dB gain variation is between 18.5 down to 15.5dB in the
0.02-2GHz bandwidth. This architecture was designed to
achieve the upper band at fy = 4GHz, as shown in Figs. 11
simulations. Unfortunately, the measurement result cannot
explicitly show it because of the larger wire-bonding induc-
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Fig. 11. Measured and simulated: (top) gain S1, and (bottom) isolation
S12. The dotted curve in (a) is the simulated gain by considering 1nH for the
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Fig. 12. Measured and simulated NF.

tance and parasitic capacitance of the pad and traces on the
printed circuit board. The wire-bonding inductance decreases
the upper limit of the bandwidth to 2 GHz (wire-bonding is
estimated between 1nH and 1.5nH, also confirmed by the
dotted-line simulation plot with the inclusion of wirebonding
inductor). Furthermore, the pad capacitance also causes the
bandwidth limitation. It is worth mentioning that this issue is
irrelevant in integrated receivers or if the LNA is followed by
an integrated mixer on the same die.

Figure 12 plots the NF, which exhibits a particularly close
agreement with the simulations below 2 GHz, where the gain
is matched as well. The NF varies from 2.5dB to 3.5dB in
the 2 GHz bandwidth, where it is below 3dB (from 330 MHz
to 2GHz). As the gain drops above 2GHz, the NF gets
deteriorated. By carefully designing the PCB and choosing
high Q-factor off-chip passive components, the NF could be
further improved.

A two-tone RF signal at 100 MHz, 500MHz, 1 GHz, 2 GHz,
3GHz and 4GHz (i.e. at the beginning, middle and end of
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the band) is used to measure the wideband linearity perfor-
mance. As shown in Fig. 13, the measured IIP3 at 500 MHz
with 10MHz spacing, where the maximum gain is reached,
is +2.25dBm. Figure 14 shows the measured IIP3 versus
frequency, where +4.25dBm is the maximum IIP3 in the
entire bandwidth occurring at 1 GHz.

To compare the proposed LNA with recent state-of-the-art
stand-alone wideband RF LNAs, and to emphasize the capabil-
ity of reaching the lower frequencies in this wideband design,
the following figures-of-merit (FoM) introduced in [5] and [4]
and the overall results are summarized in Table II.

Gainyy[abs] x (fg — f1)[GHz]

FoM,| = (15)
(Fay — 1) x Pgc[mW]
FoM, — Gaingy[abs] x (fg — fr)[GHz] x ITP3[mW] (16)
(Fay — 1) x Pgc[mW]
FoMs — Gaingy[abs] x (fg — fr)[GHz] x ITP3[mW] (17

(Fay — 1) x fL[GHz] x Pgc[mW]

where Gaingy is the average power gain, Fjy is the average
noise factor over the 3dB frequency range f; to fp, and Py
is the power consumption. This LNA achieves the best FoM
(i.e FoM3), features high power gain and high linearity and
low noise figure, while drawing only 4.1 mA current from the
1V supply. The proposed LNA reaches the record-low 3 dB
bandwidth cutoff frequency f; of 20MHz which makes it
suitable for certain applications, such as software defined radio
(e.g. Aaronia SPECTRAN V6 or AD-FMCOMMS4-EBZ).
It maintains high performance and low power consumption,
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TABLE 11
SUMMARY AND COMPARISON WITH STATE-OF-THE-ART WIDEBAND LNAS
[4] [13] [T4] [15] [16] [T7] [T8] [19] [20]
This work JSSC’21 | TCASI’20 | TCASI'19 |TCASII'19|TMTT 19|TCASI’'18| TCASII'18 MWCL’21| MWCL’ 14
Noise cancel. used? Yes Yes Yes Yes Yes Yes No Yes Yes No
Core drive ext. 5002? Yes Yes No™ No™ Yes No™ No™ No™ No"™ No™
CMOS tech. [nm] 28 28 65 65 65 65 65 180 130 180
BW3_4p [GHZz] 0.02~2 0.02~4.5 | 0.05~1.3 0.05~1 04~2.2 | 03~44 | 0.2~2.7 2~5 0.1~1 [0.025~1.4%)
S11 [dB] <-15 <-10 - <-10 - - - - <-10 -15
Sa21 [dB] 18.5 15.2 27.5 30 16.4 26.7 21.2 13 14 10
ITP3 [dBm] +1.29~+4.25] -4.6~-3.53 -4~-1 -4~ -5 -14.2 -2 -9.5 +2 -1
1IP2 [dBm] +19.6~+27.6]+3.49~+7.25|+10~+19.6|+10.7~+20.6 - - - - - -
P-1dB [dBm] -6.5 - - - - - 222 -15 - -
NF [dB] 2.5~3.5 2.09~3.2 2.3~3 2.3~3.3 2~2.5 3~4.4 3~3.5 6~8 4 5
VDD [V] 1 1 1 2.2 1.2 1 1.2 1.8 1.2 1.5
Power [mW] 4.1 4.5 5.7 19.8 29 13.7 0.96 1.8 2.7 7.5
Active area [mm?] 0.022 0.03 0.046 0.0448 0.16 0.009 0.05 0.72 0.099 0.033
FoM; 522 7.76 6.18 2.17 0.7 6.5 30.04 2.49 1.1 0.27
FoMs 13.89 3.452 3.48 1.7 0.22 0.24 18.95 0.28 1.75 0.21
FoM3 694 172.6 69.56 34.52 0.55 0.82 94.77 0.14 17.5 8.22

* Single-ened load is 100 €.

™ Uses addt’l on-chip measurement buffer.

" Needs addt’l external measurement buffer.

# Estimated from plots.

especially compared with [20]. It can also directly drive the
external 50Q load, while most other reports require addi-
tional buffers which do not count towards their final power
consumption numbers. Although [17] achieves comparable
gain with better power consumption, the acceptable wideband
input matching cannot be provided in the whole reported
bandwidth based on its |S11| performance. Moreover, its noise
and linearity performance are worse than in our structure.
It also requires a higher supply of 1.2 V. Although [21] reaches
quite high FoM due to its low power consumption, its gain,
NF and IIP3 performance get compromised. Even though [13]
provides high gain and slightly better NF, its linearity is worse,
while consuming more power and occupying 2x the area.
Moreover, [19] consumes lower dc power; however its NF,
gain and bandwidth performance are worse, and it needs a
higher 1.2V supply, while requiring an additional buffer to
drive the external 50Q load. Finally, [22] consumes less dc
power and provides a bit higher gain; however its NF and
linearity performance are worse even at a higher 1.2V supply,
and it requires an extra buffer to drive the external 50 Q load.
Moreover, it requires a couple of external high-quality current
sources to directly bias its input stage.

IV. CONCLUSION

In this paper, a 20MHz-2 GHz wideband LNA was pro-
posed and verified in 28-nm CMOS. The LNA comprises
three stages to achieve a low NF and to extend the high
edge of bandwidth. The main idea is to cancel the channel
thermal noise of the first noise-cancellation stage by using
another cancellation stage, i.e. third LNA stage. To improve
both the linearity and power consumption, a pMOS/nMOS
structure is exploited in the second stage where the resistive

feedback is applied to prevent high impedance nodes from dc
variations. The measurement results show that throughout the
entire bandwidth a high gain is achieved and the input and
output matching are well met, with good noise and linearity
performance. The upper frequency band of 2GHz is limited
by the output pad parasitics and bondwire; per simulation,
it increases to 4 GHz when the pad gets eliminated (e.g., when
integrating with a mixer).

ACKNOWLEDGMENT

The authors would like to thank the TSMC University Shut-
tle for the chip fabrication; Dr. Hsieh-Hung Hsieh (TSMC),
Dr. Filippo Schembari for help with the tapeout; and Sunisa
Staszewski for administrative support.

REFERENCES

[1] F. Bruccoleri, E. A. M. Klumperink, and B. Nauta, “Wide-band CMOS
low-noise amplifier exploiting thermal noise canceling,” IEEE J. Solid-
State Circuits, vol. 39, no. 2, pp. 275-282, Feb. 2004.

S. C. Blaakmeer, E. A. M. Klumperink, D. M. W. Leenaerts, and
B. Nauta, “Wideband balun-LNA with simultaneous output balancing,
noise-canceling and distortion-canceling,” IEEE J. Solid-State Circuits,
vol. 43, no. 6, pp. 1341-1350, Jun. 2008.

W.-H. Chen, G. Liu, B. Zdravko, and A. M. Niknejad, “A highly linear
broadband CMOS LNA employing noise and distortion cancellation,”
IEEE J. Solid-State Circuits, vol. 43, no. 5, pp. 1164-1176, May 2008.
A. Bozorg and R. B. Staszewski, “A 0.02-4.5-GHz LN(T)A in 28-nm
CMOS for 5G exploiting noise reduction and current reuse,” IEEE J.
Solid-State Circuits, vol. 56, no. 2, pp. 404-415, Feb. 2021.

H. Zhang, X. Fan, and E. S. Sinencio, “A low-power, linearized, ultra-
wideband LNA design technique,” IEEE J. Solid-State Circuits, vol. 44,
no. 2, pp. 320-330, Feb. 2009.

A. Parssinen, “System design for multi-standard radios,” in Proc. [EEE
Int. Solid-State Circuits Conf., Girafe Forum, Feb. 2006.

F. Bruccoleri, E. A. M. Klumperink, and B. Nauta, “Noise cancelling
in wideband CMOS LNAs,” in Proc. IEEE Int. Solid-State Circuits
Conference. Dig. Tech. Papers, Feb. 2002, pp. 406—407.

[2]

[3]

[4]

[5]

[6]
[7]



50

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 69, NO. 1, JANUARY 2022

W.-H. Chen, G. Liu, B. Zdravko, and A. M. Niknejad, “A highly linear
broadband CMOS LNA employing noise and distortion cancellation,”
in Proc. IEEE Radio Freq. Integr. Circuits (RFIC) Symp., Jun. 2007,
pp. 61-64.

D. Im, I. Nam, H.-T. Kim, and K. Lee, “A wideband CMOS low noise
amplifier employing noise and IM2 distortion cancellation for a digital
TV tuner,” IEEE J. Solid-State Circuits, vol. 44, no. 3, pp. 686698,
Mar. 2009.

B. Guo, J. Chen, L. Li, H. Jin, and G. Yang, “A wideband noise-
canceling CMOS LNA with enhanced linearity by using complementary
nMOS and pMOS configurations,” IEEE J. Solid-State Circuits, vol. 52,
no. 5, pp. 1331-1344, May 2017.

A. Bozorg and R. B. Staszewski, “Two-fold noise-cancelling low-noise
amplifier in 28-nm CMOS,” in Proc. 17th IEEE Int. New Circuits Syst.
Conf. (NEWCAS), Jun. 2019, pp. 1-4.

H. Zhang and E. Sanchez-Sinencio, “Linearization techniques for CMOS
low noise amplifiers: A tutorial,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 58, no. 1, pp. 22-36, Jan. 2011.

S. Kim and K. Kwon, “Broadband balun-LNA employing local feedback
gm-boosting technique and balanced loads for low-power low-voltage
applications,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 12,
pp. 4631-4640, Dec. 2020.

S. Kim and K. Kwon, “A 50-MHz-1-GHz 2.3-dB NF noise-cancelling
balun-LNA employing a modified current-bleeding technique and bal-
anced loads,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 66, no. 2,
pp. 546-554, Feb. 2019.

S. S. Regulagadda, B. D. Sahoo, A. Dutta, K. Y. Varma, and V. S. Rao,
“A packaged noise-canceling high-gain wideband low noise amplifier,”
IEEE Trans. Circuits Syst. 1I, Exp. Briefs, vol. 66, no. 1, pp. 11-15,
Jan. 2019.

J. Jang, H. Kim, G. Lee, and T. W. Kim, “Two-stage compact wide-
band flat gain low-noise amplifier using high-frequency feedforward
active inductor,” IEEE Trans. Microw. Theory Techn., vol. 67, no. 12,
pp. 4803-4811, Aug. 2019.

Z. Pan, C. Qin, Z. Ye, Y. Wang, and Z. Yu, “Wideband inductor-
less low-power LNAs with G;; enhancement and noise-cancellation,”
IEEE Trans. Circuits Syst. 1, Reg. Papers, vol. 65, no. 1, pp. 26-38,
Jan. 2018.

A. R. A. Kumar, B. D. Sahoo, and A. Dutta, “A wideband 2-5 GHz
noise canceling subthreshold low noise amplifier,” IEEE Trans. Circuits
Syst. I, Exp. Briefs, vol. 65, no. 7, pp. 834-838, Jul. 2018.

D. Kim, S. Jang, J. Lee, and D. Im, “A broadband PVT-insensitive all-
nMOS noise-canceling balun-LNA for subgigahertz wireless commu-
nication applications,” IEEE Microw. Wireless Compon. Lett., vol. 31,
no. 2, pp. 165-168, Feb. 2021.

J. Y.-C. Liu, J.-S. Chen, C. Hsia, P.-Y. Yin, and C.-W. Lu, “A wideband
inductorless single-to-differential LNA in 0.18 gm CMOS technology
for digital TV receivers,” IEEE Microw. Wireless Compon. Lett., vol. 24,
no. 7, pp. 472474, Jul. 2014.

M. Parvizi, K. Allidina, and M. N. El-Gamal, “An ultra-low-power
wideband inductorless CMOS LNA with tunable active shunt-feedback,”
IEEE Trans. Microw. Theory Techn., vol. 64, no. 6, pp. 1843-1853,
Jun. 2016.

F. Belmas, F. Hameau, and J.-M. Fournier, “A low power inductorless
LNA with double G, enhancement in 130 nm CMOS,” IEEE J. Solid-
State Circuits, vol. 47, no. 5, pp. 1094-1103, May 2012.

Amir Bozorg (Graduate Student Member, IEEE)
received the M.Sc. degree (Hons.) in microelectron-
ics from the Amirkabir University of Technology
(Tehran Polytechnic), Tehran, Iran, in 2012.

From 2016 to 2018, he was consulting for TSMC,
Hsinchu, Taiwan, on a 16-nm ADPLL/RX for auto-
motive radar applications. From 2017 to 2020,
he was working as a Research and Development
Scientist at S3 Semiconductor (now Dialog Semi-
conductor), Dublin, where he was developing a
K-band phased-array receiver. He has also raised
venture capital from Atlantic Bridge Ventures, Dublin, Ireland, for commer-
cializing an ADPLL-based phased-array transmitter for automotive radars.
Since 2020, he has been working with Equall Labs Ltd., Dublin, as a Research
Scientist. He submitted his Ph.D. thesis at the University College Dublin
(UCD), Ireland, in May 2021. He has authored or coauthored several IEEE
journal articles, an upcoming book on discrete-time receivers, and holds
four issued U.S. patents in the field of RF-CMOS design. His research
interests include millimeter-wave/RF transceivers, discrete-time receivers,
ADPLLs, and oscillators. He serves as a Reviewer for the IEEE JOURNAL
OF SOLID-STATE CIRCUITS and IEEE TRANSACTION ON CIRCUITS AND
SYSTEMS—I: REGULAR PAPERS.

Robert Bogdan Staszewski (Fellow, IEEE) was
born in Bialystok, Poland. He received the B.Sc.
(summa cum laude), M.Sc., and Ph.D. degrees in
electrical engineering from The University of Texas
at Dallas, Richardson, TX, USA, in 1991, 1992, and
2002, respectively.

From 1991 to 1995, he was with Alcatel Net-
work Systems, Richardson, where he was involved
in SONET cross-connect systems for fiber optics
communications. He joined Texas Instruments Incor-
porated, Dallas, TX, USA, in 1995, where he was
elected as a Distinguished Member Technical Staff (limited to 2% of technical
staff). From 1995 to 1999, he was engaged in advanced CMOS read channel
development for hard disk drives. In 1999, he co-started the Digital RF
Processor (DRP) Group within Texas Instruments with a mission to invent
new digitally intensive approaches to traditional RF functions for integrated
radios in deeply scaled CMOS technology. He was appointed as a CTO of
the DRP Group from 2007 to 2009. In 2009, he joined the Delft University
of Technology, Delft, The Netherlands, where he currently holds a guest
appointment of a Full Professor (Antoni van Leeuwenhoek Hoogleraar). Since
2014, he has been a Full Professor with the University College Dublin
(UCD), Dublin, Ireland. He is also the Co-Founder of a startup company,
Equall Labs, with design centers located in Fremont, CA, USA, and Dublin,
Ireland, aiming to produce single-chip CMOS quantum computers. He has
authored or coauthored 6 books, 8 book chapters, 140 journal articles and
210 conference papers, and holds 200 issued U.S. patents. His research
interests include nanoscale CMOS architectures and circuits for frequency
synthesizers, transmitters and receivers, and quantum computers. He was a
recipient of the 2012 IEEE Circuits and Systems Industrial Pioneer Award.
In May 2019, he received the title of a Professor from the President of the
Republic of Poland. He was the TPC Chair of the 2019 European Solid-State
Circuits Conference (ESSCIRC), Krakow, Poland.






