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ABSTRACT

A 3.1-10.6 GHz CMOS low-noise improved-linearity amplifier (LNA) for ultra-wideband (UWB)
applications is presented in this paper. This UWB LNA is designed with multiple-feedback networks
and noise/distortion cancellation technique. For better bandwidth extension and less chip-size
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occupation, a transformer is combined with a shunt feedback resistor to construct the novel
multiple-feedback networks. Simultaneously, a modified noise/distortion cancellation technique is
adopted in the input stage, to reduce the noise figure (NF) and nonlinear distortion. Simulation
results illustrate that this proposed LNA achieves a maximum gain of 14.2 dB with 7.2 mW power
dissipation under 1.2 V supply voltage, while having an IIP3 of 4.2 dBm and a minimal NF of 2.5 dB.
The chip size is only 0.72 mm x 0.72 mm including the testing pads (core area is 0.57 mm x

0.57 mm).

1. INTRODUCTION

As the ultra-wideband (UWB) wireless communica-
tion system possesses merits of robustness, flexibility,
and low cost for rapid and short-distance data trans-
mission [1,2], it has attracted more and more atten-
tion both in academia and industry [3,4]. The low-
noise improved-linearity amplifier (LNA) is a signifi-
cant component in the UWB receiver chain and it
vitally influences the entire UWB wireless system [5].
Thus, it is important that the designed LNA can sup-
ply sufficient gain and good linearity with minimal
noise figure (NF). Compared with traditional single
frequency or narrow band LNA, the UWB spectrum
ranges from 3.1 to 10.6 GHz. It is a big challenge for
UWB LNA to provide good input impedance match-
ing over broad bandwidth about 7.5 GHz without
compromising other performances [6-8].

The works reported in [9-11] have realized LNAs with
acceptable input matching over 3.1-10.6 GHz, but their
NF or linearity is not ideal. Parvizi [12] proposed an
LNA with ultra-low power dissipation of 0.25 mW,
while its linearity and bandwidth are limited. A 0.8-
2.1 GHz broadband LNA with an extremely high linear-
ity of 16 dBm is presented in [13], but it also suffers the
bandwidth extension issues. The works reported in [14]
and [15] will be listed in comparison table later.

The previous work in [16] adopted multiple-feedback
networks to accomplish 3.4-10.1 GHz LNA with

© 2018 IETE

2.33 mW power dissipation at 0.8 V supply voltage
based on a forward body bias technique, but the reported
LNA’s low noise will reduce maximum gain, and the
LNA can only provide a limited linearity of —14.36 dBm
due to the fact that in its input stage there exists largely
nonlinear distortion. Thus, this paper presents a new
UWB LNA, which adopts the multiple-feedback net-
works to cope with broadband input impedance match-
ing problem. Besides, an improved noise-cancelling
technique, inspired by [17], is proposed in this LNA in
order to achieve desirable linearity and reduced NF
while the other performances remain as in the same
range of the previous LNA [16].

2. CIRCUIT DESIGN METHODOLOGY
2.1 The Frequency Response Improvement

Generally, the bandwidth of LNA will be constrained by
the interstage parasitic reactance when it is cascaded to
the next stage. Taking the circuit in Figure 1(a) for an
instance, the parasitic capacitance Cgg reduces the circuit
performances as it bypasses with load resistor R;, which
limits the bandwidth at frequency of 1/(R;Cgs). To alle-
viate the influence from Cgs, a practical option, illus-
trated in Figure 1(b), is adopting a series inductor L
across R; and Cgs. This creates series peaking in the fre-
quency response and resonates out the parasitic capaci-
tance. With creation of the RLC resonant circuit by L,
R; and Cgs, the |Vou/Lin|, which represents the fre-
quency response, can be derived as follows:


http://crossmarksupport.crossref.org/?doi=10.1080/03772063.2017.1355750&domain=pdf
https://doi.org/10.1080/03772063.2017.1355750

2 X.ZHANG ET AL.: A MULTIPLE-FEEDBACK UWB LNA WITH LOW NOISE AND IMPROVED LINEARITY

Figure 1: Frequency response performance of different circuits

| Vout/Iin | =R/(sSLC+sRC+1) (1)

To further enhance the frequency response, a series—
shunt-series circuit is constructed in Figure 1(c), which
includes triple inductors (L,—Lc) and can represent a
better frequency response. Comparisons of the fre-
quency responses between the three circuits mentioned
above are charted in Figure 1(d).

2.2 Linearization and Noise-Cancellation

To operate the LNA in good linearity and low noise, a
distortion/noise cancellation technique is utilized in the
first stage, which is displayed in Figure 2. The first stage
consists of an input impedance matching part (M,,;, M,

Noise
Canceling

M

I
|
{
|
|
I
|
I
| MnS /‘ﬂ
|
|
|
|
|
|
|
|

Figure 2: The first stage of LNA

and Rp) and a noise-cancelling part (M,,,, My, and M,,3).
For low-power dissipation and desirable wideband input
matching, M,,; and M,,; form a complementary amplifier
with resistive shunt feedback Ry. Noise signals generated
from these two transistors will be cancelled by the noise-
cancelling part.

At low frequency, the input impedance will be matched
if the following condition is satisfied

1 R
Ry = Ziy = ——— S 2)
8gmn1 T Zmp1 + gmn3

where Rg, Ry, Z;, are the source resistor, feedback resis-
tor, and input resistance. And g3, §mp1> §mn1 are the
transconductance of transistors M,s, M, and M,;,
respectively. The noise cancelling technique is working
as follows, assuming that the noise voltage at node y is
positive and it is subsequently converted into noise cur-
rent by M,;. At the same time, the noise voltage at node
x will be converted into noise current by M,, and M,,.
At node z, if these two noise currents from node x and
node y are equal, the noise contributed by M,,; and M,,
will be fully cancelled in output current i,,.. Then we get
the cancellation condition

(gmnz + gmp2)RS = &mn3 (RS + RF) (3)

where g,,,> and g,,,, are the transconductance of transis-
tors M,, and M,,. Contrarily, the RF signals flowing
through these two paths are converted into RF currents
and will be added up with accumulation as they have
same polarity. As the noise from M, and M,, is can-
celled, the noise of the first stage will be contributed by
Rp, Myp, M3, and Mp,. When the input impedance is
matched, the noise output currents of these four devices
can be expressed as follows:

(1/RS + mn1 + 8mp1 + gmanF)z‘lkT/RF

| inout | ZF =
5 (1/Rs + 1/Rp + (gmn1 + Gmp1 + 1/Rs)/gmn3RF)2
4)
I fnout I ]2\/1 = 4kTngnZ (5)
n2
[ Znout | 12\/1 = 4kTngp2 (6)
p2
—_ 4kT
linout | 34,, = TI;ZL 7)
mn
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Rs +R
7, = s+ Rp )
1+ (gmnl +gmp1)RS

the parameter y is the noise coefficient in (5)-(7).
Hence, the overall NF will be

. 2 . 2 . 2 . 2
I Lpout | Rp + | Lnout |an + | Lnout IMPZ + | Lnout | M,;3

NF =1+ =
| inout | Rg
9)
where
—  4kT 2gmmRE\ 2
. 2 2 Emn2I\F
| inout | R — R—s (Rs | |Zin) (m) . (10)

With analysis on (9), it is indicated that the M,,,
M,; and Ry primarily contribute to the noise. For
getting lower noise, it should choose relatively larger
gm> and R, but it will consume more power at M,,.
Simultaneously, there is a mutual restriction between
Zmn2> &mn3> and Rp for satisfying the noise elimination
condition. Based on these considerations, the larger
Ry is selected here to reduce the noise and enhance
the gain of LNA; the relatively smaller g,,,» and g3
are selected to ensure that the noise elimination con-
dition is satisfied [18,19]. A positive feedback config-
uration of My; can improve gain and reduce noise.
Furthermore, big value of Rg is also beneficial to get
high gain as a result of

Ay = —2(Rp/Rs). (11)

According to the discussions above, the noise of M,,; and
M,, is cancelled by M,,, M, and M,,. Moreover, the
nonlinear distortion of M,,; and M,; will also be dimin-
ished upon the satisfaction of the noise cancellation
condition (3).

In Figure 3, the small signal equivalent model of input
matching part is shown, to analyze the nonlinear distor-
tion of M,; and M,,. The nonlinear distortion in cur-
rents (igep and iqgp) is generated by M,,; and M, so V.,
and V,, will also be nonlinear. The V. can be expanded
as a Taylor series of V;
Ve=x1Vs+ (Vs +x3Vs ) =x Vs + Vg (12)
where V,; includes all the unexpected nonlinear terms,
and x,(n = 1,2,3...) are the Taylor coefficients. From
Figure 3, the V), can be given by

ldspl

ldsn1

Figure 3: Small signal equivalent model of input matching part

VyRs = (Rs + Rp)V, — Rp V5. (13)

The V., is converted into current (i,i) by M,, and M,,,,
the V), is converted into current (i,,) by M,;. At node z
in Figure 2, the output current will be given as follows
(the nonliear distortion caused by M,,, M, and M, is
neglected here)

. _ . _ 2
lout = Inlx — lnly - (gm,,2+ m gmp2) Vx —8mn3 Vy

Rg+Rp

) (01 Vs+V3u).

(14)

R
- R_Fgmn3 VS + ( (gmn2 +gmp2) —8mn3
S

Once (3) is satisfied, the second term of (14) will be zero,
so does V,,;.. This indicates that the nonlinear distortion
caused by M,,; and M, is cancelled [20]. Further analy-
sis in detail is addressed in [21]. Then, the linearity of
the LNA is dominated by M,, and M,;. To reduce the
nonlinear distortion caused by M,,, and M,,3, the transis-
tor M, is configured as an auxiliary transistor. At node
z, the nonlinear drain currents caused by M,,, M,3, and
M,, are i,, i, and iy, respectively. According to
Kirchhoff’s Circuit Law (KCL), the output current yields

fout = n2 + in3 — ipZ . (15)

The drain currents can be expanded in Taylor series

i = a1 Vi + @na V? + a3V, (16)
i3 = anp31Vy + ann Vf + aus3 V; (17)
iy = ap1 Vi + apa Vi + a3V (18)

where parameter a;; is the jth-order coefficient of M,,,
M,3, and M, (i=n2,n3, p2 and j = 1, 2, 3). According
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to basic circuit theory, the relationship between V), and
V. is

Vy(l +gmn3RF) - Vx(l _gmanF _gmleF) (19)

V,/Vi=b. (20)

With (16)-(20) being substituted into (15), the output
current can be expressed by

lout = (anzl — bays + ale) Vy
+(an2 + bPans2 — apn) Vi + (an23 — bays + ap23) V3.
(21)

It can be disclosed in (21) that M,, and M, have the
same gate-source voltage, because the nonlinear coeffi-
cients are aligned towards the gate-source voltage.
Furthermore, both the second-order coefficient a,;, + b*
an3y — apyp and third-order coefficient a,;; — bauss +
ap3 are expected to be minimal. Unfortunately, due to
their different amplitude, they cannot be diminished at
the same time. Thus, our option here is to eliminate the
third-order item with impaired second-order item.

2.3 The Proposed LNA

Based on the frequency response improvement analyzed
in Section 2.1 and the distortion/noise cancellation tech-
nique considered in Section 2.2, the circuit topology of
the proposed LNA with two gain stages is displayed in
Figure 4. The first input stage of this LNA utilizes multi-
ple-feedback networks with a distortion/noise cancella-
tion configuration, to accomplish bandwidth extension
and reduce NF while possessing a good linearity. Mean-
while, the output stage is buffered and is gain-improved
by a common-source amplifier with inductive peaking
technique.

For low-voltage and low-power dissipation, the first
stage transistor M,; reuses the bleeding current from
transistor M,,4 of the second stage. Furthermore, as dis-
cussed in Section 2.1, triple series—shunt-series induc-
tors represent better frequency response and are
equivalent to a transformer. The transformer T consist-
ing of inductors L; and L, is adopted, and k is the mag-
netic coupling coefficient between L, and L,. It not only
increases the frequency response of the circuit, but also
can effectively save the area of chip. Resistor Ry across
gate and drain of M,,; sends back the AC small signal
and produces a resistive shunt feedback second-order
band-pass filter. The resistor Rr and transformer Ty con-
struct the multiple-feedback networks. Interstage

Figure 4: The proposed LNA

matching is completed by L; and L, Ls is inserted
between M,,, and Rp, as part of load to improve gain flat-
ness and to eliminate the drain pole parasitic capacitance
of M,,4.

3. RESULTS AND DISCUSSIONS

The proposed UWB LNA is implemented by Cadence IC
Design Tools Spectre RF under standard Charted
0.18 um RF CMOS technology. All components in this
LNA use ideal models in the pre-layout simulation, and
use foundry models of Global Foundries in post-layout
simulation to better approximate the hardware results.

The simulation results of scattering parameters for this
proposed LNA are charted in Figures 5 and 6. The input
return loss parameter S11 is an indicator of the input
impedance matching performance. Both in the pre-lay-
out and post-layout simulation, the S11 parameters are
less than —10 dB from 3.1 to 10.6 GHz. This implies
that the multiple-feedback networks adopted in the
input stage of this LNA is efficient for bandwidth exten-
sion. Moreover, the output return loss parameter S22 is
also under —10 dB as well as S11 in the pre-layout
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Frequency (GHz)

Figure 5: Pre-layout (solid line) and post-layout (dotted line) 521,
S22 versus frequency
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Figure 6: Pre-layout (solid line) and post-layout (dotted line) S11,
S12 versus frequency

simulation. In the post-layout simulation, S22 is a little
bigger than —10 dB around 10 GHz. This is caused by
the process variation. Acceptable S11 and S22 indicate
that this LNA has good input and output impedance
matching performance over the whole expected
bandwidth.

As marked in Figure 6, the reverse isolation parameter
S12 is underneath —30 dB in pre-layout simulation, the
signal exported in output terminal of the LNA is ideally
isolated from the input signal. In other words, the output
signal will not be interfered by the imported signal from
the input terminal. However, in the post-layout simula-
tion, the S12 is larger than —30 dB from 6.5 to
10.6 GHz. This results from the leakage of input and
output signals through the substrate. The gain of the
LNA is denoted by S21, which is larger than 11.7 dB
from 3.1 to 10.6 GHz and achieves maximum gain of
14.2 dB at 8.9 GHz in the pre-layout simulation. The
S21 in the post-layout simulation reduces 0.2 dB over
the whole UWB spectrum.

It is evident in Figure 7 that the NF of this LNA is not
degraded while the scattering parameters are desirable.

Noise Figure (dB)

4 5 6 7 8 9 10
Frequency (GHz)

Figure 7: Pre-layout (solid line) and post-layout (dotted line)
noise figure versus frequency

This acceptable phenomenon is a benefit from the noise-
cancelling technique realized in this LNA. From 3.1 to
10.6 GHz in the post-layout simulation, the NF of this
LNA is less than 3.8 dB, and have a minimum value of
2.5 dB around 7.5 GHz.

The input-referred 1 dB compression point (IP1) of this
LNA is displayed in Figure 8. The IP1 is —8.1 dBm.
Figure 9 shows the IIP3 is 4.2 dBm. These two post-lay-
out simulational results are performed at 5.2 GHz, and
they validate the theoretical analysis in Section 2.2. The
linearity of the LNA is improved by the modified noise/
distortion cancellation technique.

The IIP3 versus frequency is charted in Figure 10, the
IIP3 peaks around 4.2 dBm at 5.2 GHz and its minimal
value is about 2.5 dBm at 3.1 GHz. This indicates that
the IIP3 is acceptable over UWB frequency range. To
further test the robustness of this proposed UWB LNA
under different conditions, of which S11, NF, S21, and
IIP3 for three corners including Cornerl (65 °C, TT),
Corner2 (—25 °C, FF) and Corner3 (100 °C, SS) are sim-
ulated in Figures 11 and 12, respectively.

‘:l.,;_"Ii‘lﬁu("RéIL*ri"bd"l"(‘lB' . S—
Compression point |
Freq @ 5.2 GHz

Qutput Power (dBm)
[¥%)

L | |
=20 -15 -10 -5 0 5 10
Input Power (dBm)

Figure 8: Post-layout 1 dB compression point curve
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Figure 10: 1IP3 versus frequency

Figure 11 shows that the LNA in Cornerl possesses bet-
ter S11 performance than other two corners. The S11 in
Corner3 is less than —10 dB implying this LNA has
good input matching. The NF of Corner3 is the highest
but still lower than 3.8 dB, which means the noise of the
LNA is well restrained. Furthermore, the S21 of all three
corners in Figure 12 are larger than 11.5 dB and the IIP3
are bigger than 2.3 dBm, the gain and linearity are good.

S : 45

4.0

[}
wn

[

S11 (dB)
(dp) 2m31 as10N

4 3 6 T & 9 10
Frequency (GHz)

Figure 11: S11 and NF versus frequency for three corners

(wgp) €d11

Frequency (GHz)

Figure 12: S21 and IIP3 versus frequency for three corners

Figure 13 indicates that an increase in frequency space
causes a decrease in IIP3.

The layout of this LNA is shown in Figure 14. It
occupies a compact chip area about 0.72 mm X
0.72 mm including the testing pads (core area is
0.57 mm x 0.57 mm). Table 1 summarizes and com-
pares the performances of the proposed LNA with
other recently reported relevant works. This LNA
achieves a gain of 14.2 dB over 3.1-10.6 GHz with
7.2 mW power consumption. The NF is relatively
lower and the linearity is better than all mentioned
works, which makes this LNA more competitive. The
figure of merit (FOM) in Table 1 is calculated as
follows:

IIP3[mW] x Gainlabs| x BW|GHz|

FOM =
Power[mW] x (NF — 1)

(22)

According to (22), this proposed UWB LNA has
achieved a relatively good FOM value of 18.05 compared
with the other works.

5.0

4.5

I1P3 (dBm)

N S T T R R Y

1 10 20 30 50 100 200 500
Two-tone Spacing (MHz)

Figure 13: 1IP3 versus two-tone spacing
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Figure 14: Layout of the proposed LNA

Table 1: Summary and Comparison of broadband LNA

Ref. Supply (V) Power (mW) NFpin(dB) Gainm,y (dB) S11 (dB) IIP3 (dBm) BW(GHz) Tech. (um) Area (mm?) FOM
[61? 1.8 15.2 29 12.6 <—10 —4.6 3.1-10.6 0.18 NG® 0.77
[71? 0.6 433 1.1 20 <-=10 —22 3.1-10.6 0.09 NG 0.38
[81° 1.5 9 2.2 15.1 <-10.6 —6.0 3.1-10.6 0.18 0.53 1.81
[9] 1.5 134 2.5 12.7 <=9 -3 3.1-10.3 0.18 0.68 1.49
[10] 1.2 9 25 15.1 <-=10 3 3.1-10.6 0.13 0.574 12.15
[11] 1.2 13 4.8 17 <-14 —1.53 3.5-10 0.13 0.35 1.23
[12] 0.5 0.25 4 14 <-9 -10 0.6-4.2 0.13 0.39 482
[14] 1.1 2.15 4.58 104 <—10.1 —54 2.8-10.4 0.18 0.734 1.71
[15] 0.4 0.41 45 15 <—10 -2 3.2-10 0.09 NG 32.54
[18] 0.5 0.75 5.5 12.6 <-10 —6 0.1-7 0.09 0.23 426
[19] 1 0.4 49 123 <-9 —-9.5 0.1-2.2 0.13 0.0052 1.236
This work® 1.2 7.2 2.5 14.2 <—10 42 3.1-10.6 0.18 0.32 18.05
Simulational results.

PNot given.

4. CONCLUSIONS

This paper presents a 3.1-10.6 GHz broadband low-
noise improved linear CMOS LNA for UWB receiver;
the proposed circuit utilizes a multiple-feedback network
for desirable bandwidth extension and low chip area
occupation. By using noise/distortion cancellation tech-
niques in circuit design, the NF is reduced and nonlinear
distortion is improved. Compared with the other
reported LNAs, this LNA has a comparable maximum
gain of 14.2 dB at 1.2 V supply voltage with 7.2 mW,
while the NF is well constrained under 3.8 dB and the
linearity can reach up to 4.2 dBm. Therefore, this LNA
can be applied in many UWB applications, especially in
some mobile applications requiring low noise and high
linearity.
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