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A CMOS variable gain low-noise amplifier with ESD protection for 5 GHz

applications™
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Abstract: This paper presents a variable gain low-noise amplifier (VG-LNA) for 5 GHz applications. The effect of
the input parasitic capacitance on the inductively degenerated common source LNA’s input impedance is analyzed in
detail. A new ESD and LNA co-design method was proposed to achieve good performance. In addition, by using a
simple feedback loop at the second stage of the LNA, continuous gain control is realized. The measurement results of
the proposed VG-LNA exhibit 25 dB (—3.3 dB to 21.7 dB) variable gain range, 2.8 dB noise figure at the maximum
gain and 1 dBm IIP3 at the minimum gain, while the DC power consumption is 9.9 mW under a 1.8 V supply voltage.
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1. Introduction

The LNA is one of the key components in any communi-
cation system, because it is the first active block after the an-
tenna and it determines the dynamic range of the receiver. The
conventional inductively degenerated common source LNA is
very often used for narrow band applications, because it can
achieve low noise figure, high power gain, good reverse isola-
tion and moderate linearity. For this topology, there are many
optimization methods proposed in published studies!!-2!, but
for simplicity, they ignore the effect of the input parasitic ca-
pacitance which come from the pad and the electrostatic dis-
charge (ESD) protection circuits. Considering the reliability
of products, ESD protection of the chips is very important
and necessary. At RF frequencies, the parasitic capacitances
of the input port have a significant effect on the performance
of LNA[3], so, they must be taken into account in the circuit
design carefully. Sivonen!! proposed an ESD and LNA co-
design method, but the biggest drawback of this method is that
it needs two off-chip lumped components to realize the input
power matching, which will increase the design complexity
and the system cost.

In this paper, a two-stage cascade topology is adopted for
the VG-LNA design. Through a detailed analysis of the par-
asitic effect, a new co-design method is proposed in the first
stage. In addition, in order to avoid the saturation of the next
block when the input power is large, the LNA must be able to
change the gain. So, the second stage uses a simple feedback
loop to realize the gain control. Therefore, the whole LNA can
achieve a low noise figure and a broad gain control range si-
multaneously.

2. Input impedance analysis
2.1. Input impedance of the conventional LNA

A schematic of the conventional common source LNA with
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source inductive degeneration is shown in Fig. 1(a). C, is the
parasitic capacitor of the input pad and the ESD protection cir-
cuit. At several GHz, the influence of C, is obvious.

Figure 1(b) shows the input stage small-signal circuit. The
input impedance looking into the gate of M1 can be expressed
by:
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Through a series of parallel-series and series-parallel conver-
sions in Fig. 2, we have:
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Fig. 1. Input stage of the conventional LNA. (a) Equivalent circuit.
(b) Small-signal model.
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Fig. 2. Input impedance conversion.
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Fig. 3. Effect of C,, on the real part of the input impedance (W/L = 90
pum/0.18 um, Vgs = 0.65 V, Freq = 5.25 GHz).

C, ~ C + G, (6)
The real part of the input impedance Zj, is then given as:
G\
Re(Zyp) = Rn=|—=—""—)] R 7
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From Eq. (7), it can be seen that the parallel parasitic ca-
pacitance C, transforms downwards the real part of the input
impedance. Figure 3 shows the real part of the input impedance
Z;, versus the parasitic capacitance C, at different L, val-
ues. When C, increases, the real part of Zj, reduces greatly.
When C;, > 200 fF (usually C, is greater than 200 fF), the real
part of Z;; is below 30 €2. A single inductor Ly cannot match
the input impedance to 50 €2. In order to achieve the input
power match, Sivonen[*! gives a new ESD and LNA co-design
method using an LC matching network, which can match the
input impedance to 50 2 easily. But this method needs two
off-chip lumped components, increasing the system cost. In ad-
dition, this method cannot achieve input power matching and
noise matching simultaneously. So, in the next section, a new
ESD and LNA co-design method is proposed.

2.2. Input impedance of the proposed LNA

Figure 4 shows the schematic of the proposed LNA’s input
stage and its small-signal model. Compared with Fig. 2, the
capacitance C¢x was added between the gate and the source of
M1. By adding the capacitance Cy, the real part of the input
impedance has been increased.

From Eq. (7), the real part of the impedance Z;, can be re-
expressed as follows:
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Fig. 4. Input stage of the proposed LNA. (a) Equivalent circuit. (b)
Small-signal model.
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According to Egs. (8) and (9), the real part of the impedance

Zi, can be derived as follows:
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where
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From Eq. (10), it can be seen that: when C; < a/b, Re(Zy,)
increases as Cey increases; when C; = a/b, Re(Z;,) achieves
maximum; when C; > a/b, Re(Z;,) decreases as Cgy increases.
Figure 5 shows the simulation results of Re(Z;,) versus Cgy at
different L. From Fig. 5, it can be seen that the real part of the
input impedance can reach 50 2 by using appropriate Cex and
L.

From Egs. (3) and (4), the input impedance can be ex-
pressed by:
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So, 50-Q2 impedance matching could be achieved easily by

choosing appropriate gn, Ls, and Cex. The inductor L, must
be selected as:
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Fig. 5. Effect of C¢x on Re(Zjy).

In this method, a single inductor L, can achieve input port
matching to 50 Q. At the same time, Cex can achieve input
power matching and noise matching simultaneously!?.

3. Circuit design
3.1. Circuit topology

Based on the theoretical results in section 2, a CMOS vari-
able gain ESD-protected LNA for 5 GHz applications was de-
signed. Figure 6 shows the schematic of the proposed VG-
LNA, which is composed of two cascode stages with source
degeneration. The total noise factor and linearity of the whole
LNA can be expressed as!®l:

-1
Fot = F1 + (14)
Gy
1 1 G?
- it 15
P32,  1IP3? ' 1IP32 (1)

where G is the first stage available power gain; Fi, F7 and
F, are the noise factors of the total circuit, first stage and sec-
ond stage, respectively; 1IP3, [IP3; and IIP3, are the third
intercept points of the total circuit, first stage and second stage,
respectively. From Eq. (14), it can be seen that the noise factor
of the first stage is directly added to the noise factor of the total
circuit, and a high gain of the first stage can suppress the noise
contribution of the second stage. So, the first stage must have
a low noise figure and a high enough gain. From Eq. (19), it
can be seen that the linearity of the second stage is significant
to the total LNA’s linearity. Thus, the resistor R; was added to
improve the second stage’s linearity.

The input port and VDD were added to the ESD protec-
tion circuits. The load of the two stages uses the LC resonant
network to acquire high power gain.

3.2. ESD and LNA co-design

The noise figure and the gain are mainly considered for the
design of the first stage of the LNA. In the first stage, the in-
ductor Lg, L, capacitance Cex and parasitic capacitance C, are
used to achieve impedance matching at the input port. In order
to acquire 2 kV HBM ESD protection, the value of ESD para-
sitic capacitance is about 200 fFI®], In order to reduce the effect

OuUT
5

Fig. 6. Schematic of the VG-LNA.

of C,, the input pad only uses the top metal (M6) to reduce the
pad’s parasitic capacitance. The parasitic capacitance of the oc-
tagonal pad is about 35 fF. So, in this study, the value of C, is
about 235 fF.

Large fr (which means a large overdrive voltage) can ac-
quire low NF; large device size W can acquire high gain, but
large W and overdrive voltage may increase the power con-
sumption. So, the design of the LNA can be started by selecting
the appropriate value of the overdrive voltage and device size.
Figure 7 illustrates the simulated NF,;;, and fr as a function of
overdrive voltage under different device sizes. In Fig. 7, it can
be seen that in the different device size W, the minimum NF i,
occurs nearly at the same V. So, we can select the Vg first.
Then, choose the device size W according to the power con-
straint, and obviously select the minimum gate length. Next,
from Fig. 5, select the appropriate Ls and Cex. A small value
of Lg can imply a small value of Re(Zj,), even though Ce is
added. On the other hand, a large value of Ly may result in a
low power gain and large noise figure. Usually, the value of
L is about 1-3 nH, so, Ly = 1.5 nH is a reasonable compro-
mise. Finally, the value of L, is chosen according to Eq. (15).
In this design, the inductor L, was adopted for the bond wire
inductor. Compared with the on-chip inductor, the Q factor of
the bond wire is very high which can reduce the LNA’s noise
figure greatly.

3.3. Gain control mechanism

The gain control and linearity are mainly considered for
the design of the second stage of the LNA. The continuous
gain control is realized by adding a feedback loop in the sec-
ond stage. The loop is controlled by an NMOS FET M5 in
Fig. 6. When Von — Voo < Vi, M5 cuts off the feedback loop,
the circuit is a classical cascode structure and the maximum
gain is acquired; when Vo — Voo > Vi, MS works in the tri-
ode region with an equivalent resistance expressed by:

R. — 1+ Q(Vcon - Vb2 - I/;h)
on — W £

an(Vcon - Vb2 - Vth)

(16)

where K, is depends on the technology, V4, is the threshold
voltage of the MOSFET, parameter # models to a first order
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Fig. 7. fr and NF i, versus Vgg at different W(W/L=90 um/0.18
um@ Vps =1V).
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Fig. 8. Ron versus Von under different transistor widths at 1, = 0.65
V.

of the source series resistance, mobility degradation due to the
vertical field, and velocity saturation due to the lateral field in
short channel devices. By such a controlling scheme, the gain
can be changed in a broad range. Figure 8 shows the equivalent
resistance versus V.., under different transistor widths. From
Fig. 8, it can be seen that a large device width will reduce the
variable range of R,. That is to say, a small device size can
achieve a large gain variable range.

Ignoring the Miller effect and assuming that Cy is a short
circuit, the voltage gain of the second stage can be expressed
by:

&m3

l————Rn
_ 1+ gmR a7
1+ ROn ’

Zy

Vgain =

|

where g3 is the transconductance of M3, Z is the impedance
of the load, and R; is the source degeneration resistor. From
Eq. (17), it can be seen that the gain of the second stage is a
function of R,,, so the gain is a function of V,,. When the
control voltage Vo, increases, the R,, and voltage gain are re-
duced.

Fig. 9. Microphotograph of the VG-LNA.

4. Layout design and measurement results

The VG-LNA was fabricated in the SMIC 0.18-um RF
CMOS process. A micrograph of the VG-LNA is shown in
Fig. 9. The chip area including all bonding pads is 485 x 950
wum?. The chip was measured in the test laboratory of the Insti-
tute of RF- & OE-ICs, Southeast University. The major test
equipment includes an Agilent network analyzer E5071B, a
spectrum analyzer E4440A, an RF signal generator E4438C
and a noise figure analyzer N§975A.

4.1. Layout design

In order to minimize the contribution of the substrate re-
sistance on the input noise, M1 was divided into three parts,
each part surrounded by substrate contacts!”). In addition, each
MOSFET was surrounded by a deep n-well (DNW) to reduce
the noise and avoid the body effect. In order to avoid degra-
dation of the output matching due to the output bonding wire
inductor, the output adopts 150 um wide gold strip bonding to
the PCB board. In addition, this circuit uses two on-chip spi-
ral inductors. Each inductor has a guard ring (composed of N™
contacts and P* contacts) to isolate the noise. Large on-chip ca-
pacitors between Vg4 and ground and between V,,, and ground
were used for bypass of the AC signals.

4.2. Measurement results

Figure 10 shows the measurement results of the S-
parameter at the maximum gain (Voo = 1 V) and minimum
gain (Veon = 1.8 V) states. From Fig. 10, it can be observed that
the VG-LNA has a measured maximum gain of 21.7 dB and a
minimum gain of —3.3 dB at 5.25 GHz.

Figure 11 shows the measured result of the noise figure at
the maximum gain mode. The minimum noise figure is about
2.7 dB at 5 GHz. Figure 12 shows the relationship between
the gain and the noise figure versus V., at a center frequency
of 5.25 GHz. It presents a large gain control range of 25 dB.
At the low gain mode, the noise figure degradation is not se-
rious. Figure 13 shows the measured linearity performance of
the VG-LNA at a frequency of 5.25 GHz. The input 1-dB com-
pression point at the maximum gain and minimum gain modes
is —21 dBm and —9 dBm, respectively.

Table 1 gives the measured results of the VG-LNA com-
pared to recently published works at the 5 GHz band. To eval-
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Table 1. Performance comparisons between recently published LNAs.

Reference Gain NF Pyc P4 11P3 Process ESD VGR FOM; FOM, FOM3

(dB) (dB) (mW) (dBm) (dBm) (nm) (dB) (dB/mW) (mw~1) (GHz)
Ref. [8] 14.8 2.6 6.6 Na -9 130 yes no 2.24 1.02 0.67
Ref. [9] 13.3 2.9 9.72 —11.5 -3 90 yes no 1.37 0.50 1.32
Ref. [10] 18 2.6 10.3 Na Na 130 yes no 1.75 0.94 Na

16 2 10.3 Na Na 130 no no 1.55 1.05 Na
Ref. [11] 20 3.5 15 Na -9 180 yes no 1.33 0.54 0.36
Ref. [12] 12.5 3.7 7.2 —11 —0.45 180 no 8.9 1.74 0.44 2.06
Ref. [13] 21.4 4.4 16.2 Na —18.5/—6.5* 180 no 10.2 1.32 0.41 0.03
Ref. [14] 13.6 2.94 4.2 —-20/—17.5% —11/-6* 180 no 5.2 3.24 1.18 0.49
This work  21.7 2.8 9.9 —21/-9%* —11/1* 180 yes 25 2.19 1.36 0.57

VGR: variable gain range.

*Correspond to the maximum gain mode and the minimum gain mode, respectively.
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Fig. 10. Measured S -parameter at the maximum gain (HG) and min-
imum gain (LG) modes.
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Fig. 11. Measured noise figure at the maximum gain mode.

uate the performance of the LNA, different figures of merit
(FOM) are commonly used in the literature. One figure of merit
of the LNA (FOM,) is the ratio of the gain in dB to the dc
power consumption in mW. Furthermore, it can be extended to
include the NF, IIP3, and operating frequency as follows[3]:

i Gain[abs]
FOMa[mW™7] = (NF — 1)[abs] - Pdc[mW]’ (18)
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Fig. 12. Gain and noise figure versus Veon @ 5.25 GHz.
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Fig. 13. Measured input 1-dB compression point.
Gain[abs] - [IP3[mW] - Freq[GHz
FOMs[GHz] = 2iniabs] - LIP3(mW] - Freq[GHz] o

(NF — 1)[abs] - Pdc[mW]
5. Conclusions

In this paper, the effect of the input parasitic capacity on
the input impedance of an LNA is analyzed in detail. Then,
a new ESD and LNA co-design method was proposed. Based
on this method, a continuous variable gain LNA for 5 GHz
applications is presented. The measured results show that the
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VG-LNA achieves good FOMs at high gain mode. In Table 1,
some papers have a higher FOM than this work due to a lack
of ESD protection or gain variable. In addition, by using a sim-
ple feedback loop on the second stage, the VG-LNA exhibits a
large variable gain range of 25 dB. So this gain control mech-
anism can be used for many large dynamic range systems.
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