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Design of Low-Voltage Low Noise Amplifiers with High Linearity

Cao Ke, Yang Huazhong and Wang Hui

(Department of Electronic Engineering, Tsinghua University. Beijing 100084, China)

Abstract: A CMOS radio frequency low noise amplifier with high linearity and low operation voltage of less than
1. OV is presented. In this circuit, an auxiliary MOSFET in the triode region is used to boost the linearity. Simula-
tion shows that this method can boost the input-referred 3rd-order intercept point with much less power dissipation
than that of traditional power/linearity tradeoff solution which pays at least 1dB power for 1dB linearity improve—
ment. It is also shown that the size of the common-gate PM OS transistor needs to be optimized to reduce its loaded
input impedance so as not to degrade the linearity due to high voltage gain at its source terminal. The simulation is

carried out with TSMC 0. 18um RF CMOS technology and SpectreRF.
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burdensome in CMOS design. Compensation using

1 Introduction MOSFETs with different gate bias has been re-
ported'”, but the DC isolation problem and the
With the scaling-down of CMOS process, the broadband feature make it unsuitable for integrated
radio frequency (RF) system on a chip becomes e- tuning LN As. Compensation using triode transis—
conomically inevitable. Much attention has been tor'"" is free of these problems and more than 10dB
paid to low voltage design'". The low noise ampli- improvement has been achieved by differential cas-
fier (LNA) must have high dynamic range'”, de=  code LNA with 2.5V supply'"™', while it has not
fined by its noise floor and the 3rd-order intercept been demonstrated in folded cascode LN As operat-
point (IP3), which means tradeoff in gain, noise, ed at lower supply voltage.
linearity, and power dissipation' ™" In this paper, the analysis on the nonlinearity
To boost IPs, feedforward™® can be used, but in MOSFET and the operation of triode MOSFET
at the cost of power hungry auxiliary unit. Volterra boosting IP3 are given. Simulation results of folded
series analysis of bipolar transistor (BJT) ampli- cascode LNAs and the discussion on the results
fiers has led to in-band and out-of-band termina— and design guidelines are presented.

. . . - cpe [T-9] L.
tion in discrete BJT amplifiers . However, it is
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2 CMOS LNA and IP:-boost

Shown in Fig. 1(a) is a popular low-voltage
folded cascode LNA. The drain current of M1 in

the saturation region can be written as

1

le= B 1y vy (14 BV <V (D

- 13,14
where o, 81, and & are all device parameters' ™',

and Vo is the overdrive voltage. If the noise in M2

is neglected, the noise factor of the LNA is'"
Fogs Lx Yo, Qs 0x . w
Q- o wr Q- 5p7  wr
T
2 oy 1P,
— X = X o X
Zx)d S % X (2)

and the power gain

Gn o< gnQs (3)
where gu is the transconductance of M 1, (. stands
for the ratio of the gatesource RF voltage to that
of input source; ¥, &, 8, ¢, p, and wr are all device—
and/or bias-dependent parameters. Though large
Q- is beneficial for high gain and low noise, it de-
grades the linearity. Large Vi is desirable for high
linearity, but the power efficiency suffers. Usually,
Voiis in the range of 100~ 200mV and Q. is 2~ 5
for the sake of noise and gain. Unfortunately, the

linearity is poor in this case.

Fig. 1

Schematic of folded degeneration LNA  (a)

Typical configuration: (b) Modified configuration

The small signal drain current with weakly
nonlinear can be expanded in Taylor series as

i = g1 + égwg, + ég\u:i.\ + (4

where ve is the small signal gate-source voltage.

Usually, it can be assumed that g1 is identical
to gw, and g2, g3, ***, are the successive derivatives
of drain current over gate-source voltage, respec—
tively. IP3 is determined by g1/gs. which the larger
is, the larger IPs. Simulation is used to find g1, g2,
and g3 in all operating regions of the MOSFET. It
is shown that, gi(Fig. 2(b)) of M1 increases with
gate voltage and then saturates. On the curve of g3
(Fig. 2(d)), there are two humps ( positive and
negative) in the vicinity of Vu (0.5~ 0.6V). The
usual operating point is located near and right to

the negative hump. where g1/g3 and IPs are small.
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Fig. 2 DC IV characteristics and its derivatives of

MI.MALl and M1 plus MA1

g1/gs can be enhanced by using auxiliary
MOSFETs to eliminate the negative hump while g
changes little as shown in Fig. 1(b). Here, M1 is

the main amplification branch; MA1 in the auxil-
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iary branch is in the triode region while MA2 is
saturated. When the drain and gate voltage of MA2
is fixed, with the increase of M A1 gate voltage, the
drain voltage of MA | drops and the current of the
auxiliary branch increases quickly, until at a point,
the drain-source voltage of MA1 approaches zero
and it saturates (Fig. 2(a)). As well as the sizes,
the gate bias of MA 1, the gate and the drain volt-
age of MA2 can be freely chosen to make the com-
posite g3(of the auxiliary and the main branch) al-
most zero over a wide range. To avoid using cou—
pling capacitor, the gate of MA1 is connected to
that of M1 and the drain of MA2 to that of M 1.
For simplicity, the sizes of MA1 and MA2 are the
same as that of M1 while the gate voltage of MA2
is adjusted to minimize the absolute value of the

composite gs.

3 Simulation results

Six LNAs with commercially available TSMC
0. 18um RF CMOS technology were simulated with
SpectreRF. Among them, three were with M2 of
shorter length (0. 24um): ST (short M2 and typical
topology) and SD(short M2 and with double-sized—
M1) were typical LNAs, SA (short M2 and with
auxiliary MA 1) had an auxiliary branch. SD had a
double-width M 1 compared with the other two.
Analogously, three LNAs with M2 of longer chan-
nel length (0.36um) were LA (long M2 and with
auxiliary MA1l), LT (long M2 and typical
topology).and LD (long M 2 and with double-sized
MI1).

The degenerating inductor, the load inductor
and the one connected at the drain of M1 were im-
plemented on-chip based on the model provided
and validated by TSMC.

S-parameter analysis around 2. 4GHz was car—
ried out, tuning the input and output matching,
measuring the noise figure and small-signal gain.
Periodic steady state ( PSS) analysis shows that the
— 1dB gain compression points (P-1m) of these

circuits were around — 15~ = 20dBm. To find IPs,

two-tone tests were performed with input RF pow-
er step of 5dBm from - 50dBm to OdBm and
— 35dBm, 15~ 20dB less than P- s, was chosen as
the extrapolation points.

The voltages and voltage gains were found by
PSS analysis. The voltage gains at the drain of M 1
were measured at the input RF power level in the

vicinity of — 35dBm. The simulation results are

summarized in Table 1 and Table 2.

Table 1 Summary of the simulation results of the
LNAs with short channel PMOS
Parameters ST SA SD
Gr/dB 15.7 15.3 16. 6
A 1.17 1. 46 2.0
NF/dB 1.6 1.4 1.2
P- 1us/dBm - 19.1 - 18.4 -19.5
11P3/dBm -3.8 - 1.15 -2.95
O1P3/dBm 11.9 14. 25 13. 65
Io.m1/mA 2. 87 2.87 5.73
I, m2/mA 9.55 9.43 9.30
Io,mar/mA — 1. 46 —
1o aal/mA 12.42 13.76 15. 04
Vaa/V 1.2 1.2 1.2
Lwi/um 0. 18 0. 18 0. 18
Lv2/um 0.24 0.24 0.24
Table 2 Summary of the simulation results of the
LNAs with long channel PMOS
Parameters LT LA LD
Gv/dB 15.0 13.9 16. 3
Av.m 0.8 0. 96 1.39
NF/dB 1.5 1.5 1.2
P- 1as/dBm - 19.0 - 16.7 -16.7
11P3/dBm - 4.85 3.4 - 0.6
O1P3/dBm 10. 15 17.3 15.5
Iv,m1/mA 2. 88 2. 88 5.76
Io.mz/mA 12.2 12. 17 12. 09
To.mar/mA — 1. 46 —
10, woal/mA 15. 08 16.5 17. 85
Vaa/V 1.2 1.2 1.2
Lwi/um 0.18 0.18 0.18
Lvz/um 0. 36 0. 36 0. 36

4 Analysis

Simulation shows that the addition of auxiliary
branch improved IIPs and OIP3(the input—and out-
put-referred intercept point). T able I shows that in

the shorter M2 case (ST versus SA). IP: were im—
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proved more than 2dB, while T able 2 shows that in
the longer M2 case (LT versus LA), IPs were
boosted by 7~ 8dB.

P-1as were improved only tenths of dB in the
case with shorter channel M2 and no more than
3dB in the case with longer channel M2. It is ex-
pected from the physical insight. Since the compen—
sation itself cannot eliminate nonlinearity, with the
increase of input RF power, the power of the non-
linear product increases faster than the fundamen-
tal product. With the power drawn from the supply
fixed, the gain is compressed.

The enhancement of P- s is mainly due to the
drops of Q.. Also, improvement of IPs partially
comes out of it. This is confirmed by comparing SD
versus ST and LD versus LT. Doubling M1 size
halves ., so both SD and LD show larger P-m
and IPs3, yet less than those of SA and LA. The
compensated LNAs exhibit higher IP3 and P- s
while dissipate less DC power.

The impact of voltage gain at M 1 drain, A v.o1,
is notable. It is seen that circuits with longer chan-
nel M2 show higher linearity and smaller voltage
gain at the drain terminal of M 1 as well, than their
counterparts with shorter channel M2, respective-
ly. The explanation follows below.

It is a key feature of cascode LNA that the
voltage gain at the drain of M1 is small so that
feedback through the gate-drain capacitor is negli-
gible. The analysis in Part 2 is based on this unilat-
eralism; otherwise, high swing voltage at the drain
terminal of M1 complicates the nonlinear behavior
of MOSFET through the Miller effect and the
channel length modulation effect as well. As the
voltage swing at source of M2 gets higher, the non-
linearity of M 2 begins manifesting itself though the
overdrive of M2 may be high. Furthermore, the
supply and thus the overdrive voltage may be low
and thus the nonlinearity of M2 may not be negligi-
ble if the voltage swing is high. This analysis also
applies to the circuit in Fig. 1(b).

One way to reduce the channel length modula—

tion effect is to increase the length of M 1, but this

will decrease the cut-off frequency and the Miller
effect remains. So, it is necessary to reduce the
impedance seen from the drain of M1 and the volt-
age gain at the drain of M 1. In the folded topology,
the drain load of M 1 is a parallel LC~ank tuned at
the working frequency. T hus, the input impedance
of M2 must be reduced.
For the first-order proximity, the input
impedance of the common-gate MOSFET is equal
to 1/gw, whatever its drain load is. For short chan-
nel devices, however, this is invalid. For 0. 18um
process, gwrd: of the MOSFET is usually in the or-
der of tens. Simple calculation indicates that the re-
al part of the input impedance of common-gate
MOSFET is
. re+ 21
Re(Zu) = = ra (3)
where ra is the drain output resistance, and Zu. is
the load impedance and assumed to be real. Thus
for the circuits of Fig. 1(a), the voltage gain at the

drain terminal of M 1 is

Vdognd  Zooalraz+ Z1)
Vgs - Ewm, 2Mds, 2

Av = (6)

If rie.2 is dominant in the second term of the
numerator in Eq. (6), simply increasing gw.2 can re—
duce the voltage gain. Unfortunately, the above
condition is usually not true and Z1 is dominant or
comparable with ru.2 as the load of M2 is an induc-
tor. Note that for fixed channel length and gate
overdrive, gwrd is almost constant; it is almost im-
possible to reduce A v.01 by simply adjusting the W/
L ratio of M2.

Increasing gw.2 can reduce the voltage gain at
the cost of large bias current. However, this means
larger DC power. This situation leads to using M2
with longer channel, which has larger ro.. The sim-
ulation indicates that the voltage gain at M1 drain
terminal is reduced and the linearity is improved.

The channel length of M2 can not be too large
for the sake of its cut-off frequency. The low sup-
ply voltage limits the gate overdrive and demands
that channel length should be short enough. Sec—

ond, the parasitic capacitance of M2 should be
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small enough. Lastly, to avoid loss incurred by the
I.Cank, the condition'" of Eq.(7) should be sat—
isfied,
gn2> wCy/Q (7)
where Ca is the tank capacitor, including those par-
asitic, and Qv is the quality factor of the LCtank.
Shown in Fig. 3 are the simulation results of
IIP3 versus DC power. The dash lines indicate the
~ 1dB/dB relationship between the DC power and
[1Ps. In Fig. 3(a), only the power of MAT and M1
of each LNA is taken into account, while in Fig. 3
(b).the total power of each LNA is taken into ac-
count. It can be concluded that the folded LNA
with auxiliary branch and reasonably longer chan-
nel M2 balances DC power and IIP; excellently. Iis
power expense is much less than those of simple
amplifiers without any compensation, i. e., double
power dissipation for 3dB dynamic range improve—
ment'”. Moreover, this circuit works well with low
supply voltage even less than 1. OV and total power
dissipation will decrease as the power supply volt-

age decreases.

(a)
gl O
LA
g o
= 41 SA D‘_a
= O ="
2- --- SD
o e=" 123;&3 4
o---as'f
0 1 2 3
Ig(P, /dB)
®) O LA
6..
4l LD
< o o
B 2 SD 1dB/dB
ST ---@"'---
LA LT
0 05 10 15
Ig(P,./dB)

Fig. 3 1IPs versus DC power of different LNAs

(normalized to that of ST)

5 Conclusion

In this paper,a CMOS RF LNA with high lin-
earity and low voltage is presented. Simulation
shows that the auxiliary branch in the folded LN A
can boost IP3 with much less power dissipation
than 1dB power increase for 1dB linearity improve-
ment. Design tradeoffs are analyzed and design

guidelines are also given.
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