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Design of a 0.5 V CMOS cascode low noise amplifier for multi-gigahertz
applications™
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Abstract: This paper presents the design of 0.5 V multi-gigahertz cascode CMOS LNA for low power wireless
communication. By splitting the direct current through conventional cascode topology, the constraint of stacking-
MOS structure for supply voltage has been removed and based on forward-body-bias technology, the circuit can
operate at 0.5 V supply voltage. Design details and RF characteristics have been investigated in this paper. To verify
the investigation, a 0.5 V 5.4 GHz LNA has been fabricated through 0.18 pum CMOS technology and measured.
Measured results show that it obtains 9.1 dB gain, 3 dB NF with 0.5 V voltage and 2.5 mW power dissipation.
The measured 11P3 is —3.5 dBm. Compared with previously published cascode LNA, it achieves the lowest supply
voltage and lowest power dissipation with competitive RF performances.
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1. Introduction

With the coming nanoscale CMOS era, 0.5 V devices have
become the hot area for the circuit design and 0.5 V is predicted
to be technique node for the next generation of low power com-
munication systems!! ~31. For circuits operated at 0.5 V supply,
the evident advantage is the reduction of power dissipation due
to the quadratic relationship between supply voltage and power
dissipation. Even though the shrinking feature size of MOS-
FETs provides the possibility of lowering the supply voltage,
its threshold voltage (V) still imposes difficulties on operat-
ing at 0.5 V supply since the downscaling rate of V4, is further
slower than that of MOS feature size, which also results in slow
development of 0.5 V radio frequency (RF) CMOS circuits.

In addition, the high data-rate requirement for wire-
less communication has motivated RF carrier moving to-
ward multi-gigahertz and even tens-gigahertz due to its large
capability advantages, such as long term evolution (LTE,
900 MHz-3 GHz), wireless local area networks 802.11
(WLAN 802.11, 2.4 GHz, 5 GHz) and X-band frequency
modulation continuous wave (FMCW) radar. For these multi-
gigahertz applications, low power dissipation is important as
well as their performances. As a crucial component of wire-
less transceiver, the low noise amplifier (LNA) is generally re-
quired to have appropriate gain, low noise figure (NF) and good
linearity as well as low power dissipation. Although there were
many published LNA works known as non-cascode topology
at or below 0.5 VI*:5] their poor NF characteristic restricts
their application to use in only some special areas where lower
power dissipation is pursued at the cost of NF and linearity.
Cascode LNA is widely used due to its low noise and good iso-
lation. However, it is difficult to be operated as low as 0.5 V
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because of constraints of its stacking structure and the thresh-
old voltage (V). Even though the folded-cascode topology
can be used for low voltage, the lower transit frequency ( f;)
of PMOS has imposed constraint on the multi-gigahertz ap-
plication when compared with NMOS, which compels more
advanced technology and higher voltage to be used for appro-
priate RF characteristics. In this paper, a 0.5 V multi-gigahertz
cascode LNA is proposed with full NMOS. It’s followed to
the authors’ previous work of Ref. [6] and concentrated on
the investigation of much lower voltage design and the veri-
fication circuit has also been successfully fabricated through
0.18 wm standard CMOS technology. Although the investiga-
tion and fabrication are respectively focused on 5 GHzand 0.18
pum CMOS technology, these developed techniques and design
guidelines can also be applied to the other multi-gigahertz wire-
less communication methods mentioned above and is available
for more advanced process technology.

2. Proposed 0.5 V cascode LNA

The conventional cascode topology LNA is shown in
Fig. 1. For this kind topology, the second stage (common gate
stage, CG) can reduce the Miller effects between input and out-
put terminals, which results in good isolation between them.
However, since two MOSFETs are stacked, the supply voltage
will be constrained into high voltagel*!.

To remove above supply constraint of conventional cas-
code LNA, the proposed cascode one is illustrated in Fig. 2.
Unlike the conventional cascode LNA shown in Fig. 1, C4, L4
and L5 are added to split DC and both NMOS bulks are con-
nected to positive potential rather than to source terminal or
ground in the conventional case.
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Fig. 1. Conventional cascode LNA schematic.

Fig. 2. Proposed ultra-low voltage cascode LNA.

2.1. Supply voltage reduction

2.1.1. DC split for removing the limitation of stacking
structure

In Fig. 2, C4 is series in DC path of traditional cascode for
blocking DC while RF is allowed to pass through. To provide
the proper supply voltage to M1 and M2, inductors L5 and L4
are respectively added between supply and ground to provide
DC path. At the same time, they operate as an RF load.

By using the additional capacitor and inductors, the con-
straint of stacking overdrive voltages in Eq. (1) is removed and
the minimum drain voltage is shown as follows:

Vii-min = Vsi — Vini- (D

From Eq. (1), it is seen that the intrinsic limitation of the
cascode LNA from the stacking structure has been removed.
With only one V4, constraint, the supply voltage can be de-

graded. It should be noted that in practical circuit design, the
drain voltage is generally set same as the gate voltage for sim-
plifying the supply.

2.1.2. Forward body bias technology for threshold reduc-
tion

It’s well known that V4, can be manipulated by the bias
voltage, shown as follows:

Vin = Vth0+y(\/|2¢F_Vbs|_\/|2¢F|)a 2

where Vi is the bulk-source potential difference, Vi is the
threshold voltage with zero Vi, y denotes the body effect co-
efficient and ¢r is the Fermi potential.

Equation (2) illustrates that a positive Vps of NMOS will
decrease V. Depending on active electrode on bulk terminal,
body biasing strategy is introduced to adjust V4, known as a
dynamic threshold voltage MOSFET (DTMOS)]. Through
deep-n-well technology, the substrate bias can be set to a posi-
tive potential known as forward-body-bias (FBB) technology.
With FBB technology, Vi, has been decreased and the reduc-
tion of supply voltage is possible. Based on the simulation
through 0.18 um CMOS technology, Vi, of M1 and M2 will
change from 0.52 V at zero Vi to 0.42 V at 0.5 V Vis. The
reduced Vy, provides the enough voltage headroom for 0.5 V
applications.

2.2. RF characteristics analysis

In Section 2.1, the supply voltage is reduced by DC split
and FBB technologies. In the following, the proposed circuit’s
RF characteristics will be investigated.

2.2.1. Gain

Figure 3 shows the small-signal equivalence for the circuit,
where the bulk-source conductance and Cyq are disregarded for
simplification, and Gg; and G, respectively demonstrate out-
put conductance of M1 and M2. To get maximum output power
at load, the following equation should be satisfied:

ZiN = Z;, 3)
Zout = Rioap, 4)
Y5, = Yo, Q)

where Z and Y demonstrate impedance and admittance, re-
spectively.

For LNA, its gain is tightly determined by its total effective
transconductance. Typically, the equivalent transconductance
of the first stage with input matching network is derived(®!:

I gml
Gm:_%glein -

= 6
Vi 26UORngsl ( )

where Qi, is effective quality factor of input matching network,
gm1 1S M1 transconductance, wy is operating angle-frequency,
R; is source resistance, and Cg is M1 gate—source capacitance

Assuming that Eq. (5) is satisfied, the current gain by CG
stage with the inter-stage matching network can be gotten as
follows:
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Fig. 3. Equivalent circuit of the proposed circuit.
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spectively,  is the operating angle frequency, G4 and G5
are parallel conductance of L4 and L5, respectively. gy is the
transconductance of M2.

Depending on Egs. (6) and (7), the total transconductance
of the proposed circuit can be obtained:

I
Gr= =

Vi

In Eq. (8), it is seen that the total effective transcon-
ductance gets contributions from the CS stage with the input
matching network and the CG stage with the inter-stage match-
ing network. For first term, the parameters of Eq. (6) are eas-
ily determined by using published approaches!® °1. The second
term is from the inter-stage matching network and CG stage,
which are determined by L4, L5, C4 and M2. The CG stage
is easily determined according to the trade-off between isola-
tion and current. So the remaining factor is to determine the
inter-stage matching network to get the maximum current at
the M2 drain terminal. From Eq. (7), it may be seen that Aj,, is
very complicated and its maximum value depended on L4 and
Cy. To get their values efficiently, theoretical values of Aj, ob-
tained from a Matlab simulation for given values of Gis, Cys,
gm and different values of L4 and Cy4 are shown in Fig. 4.

As seen from Fig. 4, the gain varies with different L4 and
Cy. Its peak values are close to low capacitance (around 0.5 pF)
or low inductance (around 0.3 nH). In the domain of low induc-
tance or low capacitance, the gain is very sensitive to compo-
nent accuracy, which means the value’s offset will result in a
steep drop of gain. It may also be seen that there is a flat area
when the L4 value is larger than 2 nH. This flat area provides
reliability for circuit design due to insensitive gain to the de-
vice accuracy. In our circuit, the designed point for L4 and Cy4

GmAint- (8)

Fig. 4. Variation of current gain with different C4 and L4.

is chosen at the flat area rather than the peak for reliability,
as shown in Fig. 4. The gain difference between the peak and
the designed point is simulated to be at about 0.2 dB. Once
L4 and C4 are determined, L5 is easily determined according
to Eq. (5). It should be noted that the peak of A, is less than
unity. This loss is from the output conductance of M1 rather
than from the inter-stage matching network since it is not neg-
ligible in multi-gigahertz operating frequency.

2.2.2. Noise figure

It is generally required that LNA obtains noise match-
ing for the minimum NF. In the proposed LNA, the inductive
source degeneration is adapted for noise and gain matching.
The input impedance and source impedance in Fig. 3 can be
obtained!®!:

. 1 gm1
Zin=]Jjwly + - + Lo, 9
! 2 .]wcgsl Cgsl 2 ( )
. 1
Zs=joli + — +R;. (10)
JoCy

According to Eq. (4), the following equations will be sat-
isfied to transfer maximum power:

1 1 1
o(Ly+ L) = — + =) 1
(L1 + L) w(cgs] Cl) (1)
gml
L, = R;. 12
Cgsl 2 s ( )
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On the other side, noise parameters of the first stage can
be obtained[®]:

M+j(1+oz|c|\/W)

o
Zoy = 1 Sy
®Cyl 2§ (1—|c|2) 2
— (1 tale \/W)
—joLs,
(13)
Fan =1+ =2y (1=1F). (4)

where all parameters are same as those in Ref. [9].
To get noise match in the input terminal, following equa-
tion has to be satisfied:

5 (1 - |c|2)

Sy

1
gmiLy = — (15)
® 42§ (1 . |c|2)

T+(l+a|c|m)2

With Egs. (11), (12), (15) and properly choosing device
parameters, the designed LNA will get the minimum NF with
the maximum power transferring simultaneously. However, it
is specially noted that with 0.5 V supply voltage the transit
angle-frequency wr will severely degrade compared with con-
ventional high voltage cascode LNA, which results in the in-
crease of Fp, due to their inversely proportional relation in
Eq. (14).

2.2.3. Linearity

For multi-gigahertz cascode LNA, the CG stage produces
the signal distortion by its gate-source capacitancel'®l. That
means if Cg effects on linearity has been removed CG has lit-
tle deterioration on the linearity. In our proposed circuit, CG’s
gate—source capacitance has been resonated by the inter-stage
matching network and the first stage contributes the linearity.

Considering mobility degradation of short-channel MOS,
the drain current is obtained!!!l:

_ HnCox K (Vgs — Vi + Ugs)2
2 L 146 (Ve — Vin+ vg)

where pu, is the carrier mobility, Cox is capacitance per unit
area, W, L are respectively MOS width and length, vg; is in-
put alternating voltage at gate—source terminal, and 6 is the
normal-field mobility degradation factor.

On the other side, the drain current can also be expressed
as follows up to the third order:

Ids s (16)

)

where Ipc is the direct current through M1, and g», g3 are
the first and the second derivative ratio of drain current to
gate—source voltage, respectively.

. 2 3
igs ~ Ipc + &mlVgs + 82Vgg + 83Vgs»

Fig. 5. Die micrograph of proposed LNA.

Based on Eqgs. (16) and (17), gm1 and g3 can be derived as
follows:

g1 = digs . l/LnCOX w (Vgs - Vth) [2 +0 (Vgs - Vth)]
ml = — = —
vgs 2 L 2[146Ve—Va)]
(18)
1 83ids /‘LnCOX w 0
g3 = — = — . (19)
73 v, 2 L1460 (Ve Vth)]4
Then IIP; can be obtained!!1:
_ 2 gm _ 2 _
P = ReZn) &~ 3 Re(zny 0 o)
X [2 +6 (Vgs - Vlh)] [1 +6 (Vgs - Vth)]2 : (20)

From Eq. (20) it can be seen that IIP3 is determined once
the overdrive voltage is fixed. However, it is noted that the
above equation is only available to crudely evaluate IIP3 since
0 is different with different processes. For this reason, Eq. (20)
is generally used to estimate IIP3 at the beginning of circuit
design.

3. Circuit verification and experimental results

To verify the investigation, the proposed LNA is designed
to operate at 5.4 GHz for WLAN application where LNA re-
quires low NF, proper gain and linearity!!?]. It is designed
through TSMC CMOS 0.18 um technology. The input match-
ing network is designed for simultaneous impedance and noise
matching while the output terminal is matched for 50 2. M1
and M2 channel widths are respectively chosen to 180 um and
90 um for the trade-off between current consumption and RF
performances. Cy4, L4 and L5 are determined according to the
gain analysis in Section 2. Cy is used to block DC and C3, Cs
are large enough for the goal of RF ground to reduce the para-
sitic parameter effect. Ry and R, are large enough for gate bias
and RF choke. In the layout design, all interconnection lines
are modelled by electromagnetic software ADS-momentum for
parasitic parameters extraction. All extracted parameters are
fed into the post-layout-simulation to reduce discrepancies be-
tween simulation and measurement. To reduce substrate influ-
ence, test pads are fabricated on shielded ground with metal 1.
All elements in Fig. 2 are implemented on chip. The chip area is
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Table 1. Comparison between this work and published CMOS cascode LNAs and 0.5-V LNA.

Parameter  Technology Frequency Supply (V)  Pg (mW) S>21 (dB) NF (dB) IIP3 (dBm) Year
(1m) (GHz)

This work  0.18 5.4 0.5 2.5 9.1 3 -3.5

Ref. [10] 0.24 2.2 1.8 16.22 8.6 1.92 -2.55 2008
Ref. [12] 0.24 5.2 2 10 10 3 0.4 2005
Ref. [13] 0.09 5.5 1 8 13 1.8 2.6 2007
Ref. [14] 0.18 5.7 1.8 4 11.45 34 — 2006
Ref. [15°]  0.09 24 0.6 3 15¢ 3 -7 2010
Ref. [16] 0.18 5.25 0.5 2.5 13.9¢ 6 2.8 2005
Ref. [4] 0.18 5.1 0.4 1.03 10.3 53 — 2007
Ref. [3] 0.18 8.9 0.5 4 9.1 5 -8.5 2011

apower dissipation of differential structure. Psimulation results. ®voltage gain.

Gain & NF (dB)

~ — Measured
Simulated
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Fig. 6. Measured and simulated gain and NF.
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Fig. 7. Measured and simulated Sy, S12 and Sa5.

1.11 x 0.64 mm? including all test pads. Figure 5 demonstrates
the chip micrograph.

Performances are measured on-wafer by Cascade Corp.
probes and Agilent microwave measurement instruments. All
supply voltages are provided by DC probes. Measured gain
(S21) and NF are plotted in Fig. 6. It can be seen that the LNA
has 9.1 dB gain and 3 dB NF at the operating frequency of
5.4 GHz. Input, output return losses and reverse isolation are
plotted in Fig. 7 with values of —9.1 dB, —14 dB and —28.6 dB,
respectively. At the same time, simulated S-parameters and NF
are also plotted in Figs. 6 and 7. The post-layout-simulation

Output power (dBm)

-30 -27 -24

-21 -18 -15 -12 -9 -6 -3 0

Input power (dBm)

Fig. 8. Measured input 3rd-order intercept point.

gainis 10.1 dB and NF is 2.6 dB. The measured results coincide
with simulation. Slight differences are mainly produced by the
inaccurate modelling of NMOS with FBB and passive compo-
nents. In Fig. 8, IIP5 are plotted. IIP3 is —3.5 dBm. The whole
circuit operates at 0.5 V supply voltage with around 5 mA cur-
rent consumption.

The measured results of this fabricated LNA and those
published CMOS cascode LNA are summarized in Table I for
comparison. The proposed LNA has the lowest supply volt-
age, the lower power dissipation in all cascode LNA while RF
characteristics are competitive. At the same time, non-cascode
LNA with no more than 0.5 V supply voltage are also summa-
rized in Table 1, known as Refs. [16, 4, 3]. Even though these
non-cascode LNA can get lower power dissipation, for an in-
stant!*], their NF are as high as 5.3 dB, which imposes crucial
constraints on their applications in WLANI'2], The verification
results show its great potential for the coming 0.5 V nanoscale
CMOS era.

4. Conclusion

In this paper, design of 0.5 V cascode LNA for multi-
gigahertz application is presented. By utilizing DC split and
FBB technology, the supply voltage of cascode LNA can be
reduced to 0.5 V and the power dissipation is degraded. The
design detail and RF characteristics have been investigated. A
5.4 GHz verified circuit shows that it gets 9.1 dB gain, 3 dB NF
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and —3.5 dBm IIP3 at 0.5 V supply. It gets the lowest supply
voltage and the lowest power dissipation with competitive RF
performances compared with other published cascode LNAs.
It is very suitable for ultra-low voltage and low noise applica-
tions.
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