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A 90-nm Wideband Merged CMOS LNA and Mixer
Exploiting Noise Cancellation
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Abstract—This paper describes the design and implementation
of awideband merged LNA and mixer chip covering the frequency
range from 0.1 to 3.85 GHz using 90-nm CMOS technology. Its
high level of integration as well as its low power consumption
makes it suitable for the rapidly growing software defined radio
RF receivers. The chip performance achieves S11 below —10 dB
along the entire band and a minimum single side band noise figure
of 8.4 dB at IF frequency of 70 MHz. Power conversion gain is
measured to be 12.1 dB while the input referred 1 dB compression
point is measured to be —12.8 dBm. The chip core consumes only
9.8 mW from a 1.2 V supply with a die area, including the pads, of
0.88 mm .

Index Terms—Low noise, merged LNA and mixer, multi-stan-
dard, noise cancellation, software defined radio, wideband
receiver.

I. INTRODUCTION

HE number of wireless LAN standards is growing at a

fast pace. Different generations of wireless technologies
such as DECT, Bluetooth, Wi-Fi, UWB and recently Bluetooth
2.0 all provide high speed data links and need to coexist. The
concept of software-defined radio (SDR) allows the utilization
of a single flexible receiver hardware in multiple standards.
Achieving this goal requires a wideband receiver that can work
across standards instead of multiple receivers customized to
work in narrow frequency bands.

This work demonstrates the design of a merged low-noise
amplifier (LNA) and mixer in 90-nm CMOQOS technology for
a multi-standard receiver. The designed front-end covers the
frequency band between 0.1 and 3.85 GHz. Its compact size
and low power consumption make it suitable for multiband
reception.

Multi-standard RF front-end implementations fall into one of
four categories [1]: The first approach uses several parallel in-
dependent narrowband RF front-ends supporting each standard
[2], [3]. The second category uses reconfigurable mixer together
with multiple LNAs [4], [5]. The Third approach mixes the first
two approaches together [6]. Finally, the fourth and most eco-
nomical approach is to use a single RF front-end with wideband
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LNA and mixer [7], [8]. This work falls into the fourth cate-
gory. In addition, we merge the LNA and mixer together for
higher level of integration, smaller chip area and lower power
consumption.

Il. WIDEBAND LNA

Wideband LNAs have been reported in CMOS using various
topologies. Some used resistive feedback [9], while others im-
plemented the LNA using distributed amplifiers [10]. The latter
can achieve a very wide bandwidth at high frequencies. Both
solutions are power hungry. Other implementations use an in-
ductive source-degeneration common-source LNA with either
resistive feedback [11] or an LC-bandpass filter at the input to
achieve wideband matching [12]. Both techniques use a large
number of bulky inductors.

The common-gate (CG) LNA topology is wideband by struc-
ture [10]. Its main drawback is a relatively high noise figure
(NF). Ignoring the noise contribution due to the load, the CG
stage has a minimum noise factor of [13]

F=1+2 )

(8%
where ~ is the excess channel thermal noise coefficientand « =
9gm/gdo, With g,,, the device transconductance and g4 the zero-

bias channel conductance.

1. LNA NOISE ANALYSIS

The LNA core used in this work is shown in Fig. 1 with the
cross-coupled pair M3 and M4, helping the noise cancellation
of M1 and M2 as will be shown later. The input impedance is
given by

Rin - (2)
Im1 — Im3
where g1 (gm3) is the transconductance of transistors M1 and
M2 (M3 and M4).

Assuming that the main noise source is the transistors’
thermal noise, then the circuit can be analyzed with the help of
its simplified form, shown in Fig. 2.

The input power matching condition is given by

Ri=—=—"— @)
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Fig. 1. LNA core.
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Fig. 2. Simplified form of the LNA core.

For each half circuit there are three sources of noise, v,,5, Vn1
and v,,3, given by

v, =4KTR,
2 4KT’}/1
Up1 =
A19m1
4KT
2y = 13 4
A39m3

The output differential noise current square due to the input
noise source v, can be calculated with the help of Fig. 3.
Using Kirchhoff’s Current Law (KCL) at node 2 gives

v,
gml(_ﬂy) = gm3Vs + R_i (5)

From which the relation between v, and v, is given by

—9m3
L 6
v Im1 + 1/qu} ( )

Under the input power matching condition given in (3), then

—9m3
vy = — . )
Y 2gml — 9m3
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Fig. 3. Considering output differential noise current due to .

Peforming KCL in node 1 gives

Uy — Uns
gml(_vz) = gm3Uy + TS (8)
From which we can get v, in terms of v, and v,
Uns = (1 + gmle)Ux + ngRsng (9)
Then using (7)
_ (1 + gmle - ngRs)(l + gmle + gm3R8>
" 1+ gm1Rs -
' (10)
Reusing (3)
2(]- + gmle + gm3Rs>
Uns = Vg 11
1 + gmle ( )
Getting v, and v,, in terms of v,
1 + gmle
Uy = Uns
2(1 + gmle + ng}Rs)
—Ym Rs
- Jm3 Uns. 12)

Vy =
! 2(1 + gmle + gm3Rs)

Then the two output currents due to v,,, are given as follows:

i =y (—1} ) — _gml(l + gmle) v
‘ m ¢ 2(1 + g’lanS + g7n3Rs) "

gm,lgmBRs
2(1 + gmle + ng}Rs)

Z.?l :gml(_vy) = Uns- (13)

It is clear that the two currents are oppositely directed, then
consequently, the output differential noise current square due to
Uns IS given by

) Ty S22 Im1 (gm3Re+1+gm1R9)
bns_diffout — |LZI - Lm| — |79 Uns
2 (1+gmle +gm3Rs)
2
Im1 2
=22 . 14
2, (19
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Following similar analysis we get the output differential noise
current square due to the input noise sources v,,; and v,3, as
follows:

gm1 R ’
) 2 1 2
an_diffout =09m1 ( m2 > — 1) Un1

Jm1gm3Bs\’
. 19m3
Zi3-diffout = <—m ;n S) Urzzs- (15)

Similar to v,s, v,3 induces two unequal oppositely directed
currents in the two output branches. v,,1 on the other hand in-
duces two unequal currents in the two output branches but in
the same direction, which decreases the output differential noise
current. Therefore, M1 and M2 noise partially cancels.

Due to circuit symmetry the noise factor F' is given by

2 2 2
P 2 ditfout T 2001 _diffout T 2003 _diffout

;2
2Lns_diffout

2 2
Fel4t Un1_diffout T “n3_diffout

72 (16)
Lns_diffout
Using (14) and (15) yields
— 2)2y2 “R.)202.
F=1 + (gmle 2) Un1 + (ngRs) Un3 (17)

7
and using (4)

(gmle — 2)2 (w) + {]2 3R2 (%)

F=1 A1gm1 A39m3
+ 4KTR;
m Rs -2 2 m Rs
Pty m P gmaRens 18)
algmle %}

Assuming y; = 3 = v and a; = a3 = « and using (3),
then (18) reduces to

(gmle - 2)2

miBRs — 1] .
gmle +gl '

F=1+7 (19)
«

Differentiating (19) with respect to g.,1 Rs and equating the

result to zero to get the optimum value for g,,,1 R for minimum

noise factor yields

(gmle>opt. = \/5 (20)

For R;, = 100 ©, R, = 50 €, g,,1 = 28.28 mS, and g,,,3 =
8.28 mS, and the minimum noise factor is given by
Fon = 1+ g[2\/§+ 22 -5 =1+ 0.657%. 1)
Transistors M1 and M3 carry the same current while g,,1
is nearly 3.5 times g,,,5. Accordingly, (Vgs — Vip)s is almost
3.5 times (Vigs — Vin)1 Or even larger. That requires a large
DC voltage overhead on M3 and M4. Threshold voltages in
a 90-nm process can be as large as 0.5 V for a low-leakage
nMOS transistor. A folded-cascode structure allows operation
from 1.2 V supply with a reasonable conversion gain. This im-
plementation is depicted in Fig. 4, where M3 and M4 are re-
placed by pMOS transistors of lower V4, in addition to sepa-
rating the bias currents of M1 and M2 from those of M3 and

M1 /

Fig. 4. Folded cascode structure of the LNA.

Im

VIl

Fig. 5. Inductive degenerated common source transistor.

M4 to best adjust the bias points of each. Noise analysis pre-
sented in Section 1l is valid for this implementation with M1
and M2 thermal noise partially canceled as explained before.
The bias transistors M5 to M8 are inductively degenerated to
reduce their effective noise, which can be verified using Fig. 5
where the output noise current 7,,, is given as follows:

ino = dm (Un - ]WLZTLO) (22)
Rearranging (22):
tno = 7T - 2
' 1+ jgmwL 3

Therefore, the power of output noise current is reduced by the
factor |1 + jg,,wL|? as a result of inductive degeneration.

IV. MERGED LNA AND MIXER

Merging the LNA and mixer lowers the number of transistors
in the signal path, and in turn, it lowers nonlinearity and power
consumption. This concept was introduced for narrowband re-
ceivers [14]. In this work, we implement a merged LNA and
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Fig. 6. Merged LNA and mixer.

mixer for a wideband front-end. The complete circuit schematic
of the merged LNA and mixer is shown in Fig. 6 where the
four transistors M11 to M14 act as the switching pairs for the
double-balanced mixer. The local oscillator (LO) signal is a sine
wave swinging between 0 and 0.5 V (single-ended) to either turn
the switch off or drive it into saturation.

Following the analysis previously presented in [15], where
the noise due to M5-M8 can be neglected due to degeneration,
as explained in the previous section and proven by simulation,
the differential output thermal noise current square is given by

. 8KT y T g2
i2 = — sw ml 2
bn_diffout — RL + 16KTEH + T“ns
2 2
g1 s Gim1 Gms Ry
+g'r2nl < 9 — 1) v'r211 + <f> UZB (24)

where the first term is due to the load resistors, the second term
is due to the four switches (M11-M14), and the last three terms
are those driven in (14) and (15) representing the noise due to
the source resistance, M1 and M2, and M3 and M4, respectively.
I is the bias current in each side of the mixer and A is the am-
plitude of the single-ended LO signal.

Using (4), (24) can be rewritten as

. 1 Yow 21 g2 R
2 sw Idml1tls
Ln_(lszout |:RL Qsw A ]
Yigmi [ gm1R 2 vagms [(gmiRs\?
m mifls 4 m m1its 25
+ 20[1 ( 2 > + 20(3 ( 2 ) ( )

M14

\/
-

‘ - iditfout

e

AsSSUMING 71 = 3 = Ysw = v aNd @1 = Q3 = Qg = @
and using (3), the noise factor F' is given by

8 v 1 161
S5 5 Tt |25 =1
9o RsRr, o |gi R \ A

mi1Rs —2)2
+Qi——lﬂwM&—4.Q®
g'mle

Inour design, I = 0.7 mA, Ry, = 350 Q,and A = 0.25 mV.
Using these values together with g,,,1 and g,,,3 values calculated
in the previous section for optimum F', then

M9 M10

IF out

F=1+

F=1+057+ 2[0.357 +0.657] = 1.57 + 1.0142. (27)
« «

An open drain measurement buffer is added to the output
for measurement purposes [13]. It does not affect the noise
figure significantly and provides a differential voltage gain of
6.5 dB while consuming current of 13.3 mA (not included in
the power calculations). The noise of this measurement buffer
is not de-embedded.

V. MEASUREMENT AND SIMULATION RESULTS

Fig. 7 shows the measured and simulated input reflection co-
efficient, S11. It is below —10 dB up to 10 GHz with close
matching between the two curves.

Fig. 8 shows the measured and simulated power conver-
sion gain versus the RF input frequency at IF frequency of
70 MHz. An off-chip balun converts the differential output into
a single-ended signal and transforms the 615 €2 differential
output impedance of the open drain buffer to the 50 € input
impedance of the spectrum analyzer. The measured midband
power gain is 12.1 dB (less than 1 dB lower than the simulated
value) while the —3 dB upper frequency is 3.85 GHz. Taking
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Fig. 7. Measured and simulated S11.
16 1 I I z
! ! ! —@- Measured
14} - oo R, . !___1 === CurveFitted ||
i | | -8~ Simulated

-
N

-
o

Power Converion Gain ( dB)
(o]

RF Frequency ( GHz )

Fig. 8. Measured and simulated power conversion gain versus RF input fre-
quency at 70 MHz IF frequency.

into consideration the impedance mismatch at the output, the
voltage gain is calculated to be higher than the power gain by
7.9 dB, so the midband voltage gain is 20 dB.

Fig. 9 shows the measured and simulated single sideband
(SSB) noise figure at the IF output frequency (70 MHz) plotted
versus the LO frequency.

The measured SSB NF has a minimum of 8.4 dB at LO fre-
quency of 2.17 GHz and it is below 11.5 dB along the band from
0.17 to 3.87 GHz across which there is good matching between
measured and simulated curves. With about 3 dB difference be-
tween SSB and double sideband (DSB) NF, the NF calculated
using (26) greatly matches the simulated DSB NF. Ripples in
the NF measurement can be ascribed to calibration problems in
our measurement setup.

Fig. 10 shows an input-referred 1 dB compression point of
—12.83 dBm measured at input RF frequency of 2.3 GHz.

The core of the LNA and mixer dissipates 9.8 mW as it con-
sumes 8.15 mA from a 1.2 V supply, while the output measure-
ment buffer consumes 13.3 mA. The performance of the merged
LNA and mixer chip is summarized in Table I. Compared to the
SDR front-end recently published in [8], our design achieves
a wider bandwidth, better 1 dB compression point, and noise
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Fig. 9. Measured and simulated SSB noise figure versus LO frequency at
70 MHz IF frequency.

Pout ( dBm )
)

Pin (dBm)

Fig. 10. Measured input refferred 1 dB compression point at input RF fre-
quency of 2.3 GHz.

TABLE |
PERFORMANCE SUMMARY
Power Gain 12.1dB
Voltage Gain 20 dB
RF frequency 0.1~3.85 GHz
IF frequency 70 MHz

NFssB, min 8.4 dB (fpp=2.1 GHz)
NFgsB, max 11.5 dB (fgp=0.1, 3.85 GHz)
S11 <-10dB
1dB CP (Input Ref.) -12.83 dBm (fy;= 2.3 GHz)

IDD at VDD (Core) 8.15mAatl2V

Area 0.88 mm?

Technology 90 nm CMOS

figure with slightly lower voltage conversion gain. Our design
consumes much lower power. The die photo is shown in Fig. 11.
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Fig. 11. Merged LNA and mixer chip die photo.

Die area including the large GSG pads, needed for on-wafer
probing, is 0.88 mm?2.

VI. CONCLUSION

In this work, a merged LNA and mixer chip is designed and
fabricated using a 90-nm CMOS process. A partial noise cancel-
lation technique is exploited to achieve a minimum SSB NF of
8.4 dB with sufficient gain and high linearity along the frequency
band between 0.1 and 3.85 GHz. Its compact size and low power
consumption make it suitable for multiband operation.
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