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Abstract: This paper describes a CMOS low noise amplifier (LNA) plus the quadrature mixers intended for use in the

front-end of portable global positioning system (GPS) receivers. The LNA makes use of an inductively degenerated input

stage and power-constrained simultaneous noise and input matching techniques. The quadrature mixers are based on a Gil-

bert cell type. The circuits are implemented in a TSMC 0. 18:m RF CMOS process. Measurement results show that a volt-

age conversion gain of 35dB is achieved with a cascade noise figure of 2. 4dB,an input 1dB compression point of —22dBm,

and an input return loss of — 22. 3dB. The fully differential circuits only draw 5. 4mW from a 1. 8V supply.
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1 Introduction

Radio frequency designs are increasingly taking
advantage of technology advances in CMOS. RF
building blocks and complete receivers realized in
CMOS and showing performance compatible with the
most stringent standards have been proven. The use of
CMOS technologies for implementation of front end
clectronics in a GPS system is therefore attractive be-
cause of the promise of integrating the whole system
on a single chip"' ™.

Global positioning system (GPS) is a satellite
broadcast system providing the fundamental physical
quantities of the absolute position, velocity, and time
information to users. Although GPS was originally de-
veloped for military purposes,its civil use has greatly
been increased in recent years. There is great enthusi-
asm in the consumer market for the capabilities of
GPS. Manufacturers of cellular telephones, portable
computers,and other mobile devices are looking for
ways to incorporate GPS into their products. Thus,
there is a strong motivation to provide highly inte-
grated solutions at the lowest possible power con-
sumption*. So far, there have been no reports on
fully CMOS integrated GPS receivers at home. This is
the first case in which a radio has been successfully
fully integrated in CMOS technology for a portable
application.

This paper describes the design and measurement
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of a fully differential LNA plus quadrature mixers for
portable GPS receivers. This solution is intended for a
low-IF architecture with an IF of about 4MHz. The
LNA is used to amplify the RF signal to reduce the
noise contribution from the mixer. The mixer per-
forms frequency conversion using nonlinear elements
in time-varying circuits. The two building blocks are
very important in the GPS receiver because their per-
formances affect the system performance and the per-
building
blocks, which include the LO, image-rejection filter,
and IF stages. Thus,in the design of circuits, there are
several common goals. These include minimizing the
noise figure, providing enough gain with sufficient

formance requirements of the adjacent

linearity,and providing a stable 50Q input impedance
to achieve good input matching. The additional con-
straint of low power consumption is even more critical
in portable applications'"’.

With these goals in mind,an inductively degener-
ated input stage and a power-constrained simultaneous
noise and input matching technique are used in the
LNA design. To enhance the gain of the LNA, the
output of the first stage is AC-coupled through the ca-
pacitance to the second stage. To save power,the cur-
rent through the second gain stage is reused to supply
the core transistors in the first stage. The quadrature
mixers follow the LNA directly on-chip and are based
on a Gilbert cell type. Figure 1 shows the complete
circuit of the differential LNA plus quadrature mix-
ers. Measurement results show that a voltage conver-
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Fig.1 Complete circuit of the differential LNA plus quadrature mixers

sion gain of 35dB has been achieved with a cascade
noise figure of 2. 4dB,an input 1dB compression point
of — 22dBm, and an input return loss of — 22. 3dB.
The fully differential circuits only draw 5. 4mW from
a 1. 8V supply.

2 Circuit design

2.1 LNA design

As shown in Fig. 1,a differential architecture is
selected for better rejection of on-chip interference
and common-mode disturbances. This consideration is
particularly important in GPS applications, where
both the supply and substrate voltages may be noisy.
To maximize common-mode rejection at high fre-
quencies.,it is critically important for the layout to be
as symmetrical as possible® .
The differential pairs can be matched well
through careful layout design, but the on-chip spiral
inductors are difficult to keep symmetric. Thus, two
symmetric inductors with center-tap (See Fig. 2) are
chosen to be the source and load inductors,respective-
ly. Under differential mode operation,a DC bias can

be applied at the tap of the inductors L, and L. The
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Fig.2 Symmetric inductor with center-tap

number of the inductors can be reduced from four to
two, and the area of the die will be smaller. L,
through L are off-chip inductors.

The LNA consists of two main parts: the input
stage, formed by four core transistors, M1 through
M4, and the output stage, formed by transistors Mb5
and M6. The input stage is cascoded to reduce the in-
fluence of the gate-to-drain overlap capacitance Gy
on the LNA’s input impedance and to mitigate the
Miller effect. In addition,the use of cascode improves
the LNA’s reverse isolation, which is important for
suppressing LO feedthrough from the mixers back to
the input of LNA and the stability of the LNA by
minimizing interactions between the interstage tank
and the input matching network. The input matching
is performed off-chip.

The output of the first stage is AC-coupled
through C; and C, to M5 and M6 for additional gain.
To save power,the current through the output stage is
reused to supply the four core transistors M1 through
M4, decreasing the power by a factor of two'".
Hence, the center tap of the output tuning inductor
L, returns to the common source connection of M5
and M6. The output of LNA is tuned by L;, L, and
Rs,s R; for improved gain and impedance matching
with the quadrature mixers. The output network can
also reject any low frequency noise.

The LNA biasing current can be chosen to opti-
mize the noise and current consumption perform-
ances. In the presented circuits, a high-swing, low-
voltage current mirror is used and the low threshold
voltage of the process permits four devices to be
stacked. To keep the devices M1 and M2 saturated
while leaving some room for signal swing,a common
mode feedback loop is used to allow the amplifier to
operate reliably at low supply voltage (1. 8V) ,despite
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Table 1 LNA simulated performances Table 2 Mixers simulated performances
I/mA Gain/dB NF/dB I1P3/dBm S11/dB I/mA Gain/dB NF/dB 11P3/dBm
2 27 0.9 -8 -25 1 15 6.6 -2

supply, temperature, and process variations. Choosing
the appropriate V, — V, at bias for the desired 1T1P3™
leads to a bias current of 1mA per side.

The LNA uses an inductively degenerated input
stage and an LC load. This topology achieves mini-
mum noise figure, matched input impedance, and
maximum transconductance gain for given current
consumption. A problem of this topology is the sensi-
tivity to gate induced current noise,since such noise is
enhanced by the Q-factor of the input circuit”. To
optimize the noise figure of the LNA, it is important
to model the induced gate noise of the input devices.
The noise source plays an important role as a noise to-
tally dominated by the gate induced current noise. In
this topology,at a given frequency,the sum of gate in-
duced and thermal noise will be the minimum for an
optimum device size. Because of the strong sensitivity
of the gate-induced current noise to the intrinsic gate
capacitance (it follows a square law) ,an improvement
can be obtained with additional capacitances C, and
C, in parallel to the intrinsic gate capacitance of tran-
sistor M1 and MZ2. The insertion of the capacitors to
decouple Q from C, adds a degree of freedom when
adjusting the reduction of Q for any given value of
C,.Therefore,a new optimum condition, with a low-
er noise figure near the minimum, can be achieved.
This is called the power-constrained simultaneous
noise and input matching (PCSNIM) technique™ .

A device modeled in 0. 18um RFCMOS technolo-
gy is used for simulation. The optimum gate width of
the input stage is 100pm, the source inductor L, is
1. 7nH,and the load inductor L, is 10. 5nH for high
gain. Table 1 reports a summary of the LNA simulated
performances.

2.2 Mixer design

The LNA is followed by the I-Q quadrature mix-
ers that are AC-coupled to the LNA and based on the
Gilbert cell (Fig. 1). The mixers translate the input
signal from RF to an intermediate frequency of
4.092MHz.

Among many proposed active mixers, the widely
used double-balanced Gilbert-cell mixer topology is
preferred since it can provide both LO and RF rejec-
tion at the IF output. Furthermore, spurious products
can be suppressed effectively and high intercept
points can be achieved. The mixer is required to pro-
vide a low noise figure, a high conversion gain, and
high linearity. The simultancous achievement of these

requirements is a challenging task in the design.

Figure 1 shows that the quadrature mixers com-
prise a differential pair driver stage (M14 and M15)
and two differential switching quads (M16~M19 and
M20~M23) . The driver stage amplifies the RF signal
to compensate for the attenuation due to the switc-
hing process and to reduce the noise contribution
from the switching quad™' . The differential switching
quad controlled by local oscillator signal forms a mul-
tiplication function that converts the RF signal to an
IF signal. The two mixers are resistively loaded and
have capacitors in parallel with them to form a low
pass network for filtering the high-frequency compo-
nent. Noise is present in all the transistors making up
these functions.

The driver stage can be optimized as the input
stage of the LNA to reduce its noise contribution. But
for the low-IF GPS receiver,the mixer flicker noise is
very important and the switching transistors primarily
determine the flicker noise performance. The flicker
noise of the switching transistors appears at the mixer
output through two dominant mechanisms: the direct

and indirect mechanisms™"”

. A large LO amplitude
lowers the direct mechanism and the indirect mecha-
nism depends on the frequency and the capacitance at
the common source node of the switching pair. Im-
proved linearity and
achieved by subtracting DC current from the switc-

hing pair.

reduced flicker noise are

The optimum width of the amplifier transistor
and the switching transistor is 80 and 50um, respec-
tively,and the load resistors are 3. 2k(). Table 2 sum-
marizes the quadrature mixers simulated perform-
ances.

3 Experimental results

The GPS RF front-end has been integrated in a
TSMC 0. 18;:m RF CMOS process with six metal lev-
els. The availability of the triple well allows isolation
of the nMOS transistors from the substrate. A die
photograph of the chip is shown in Fig. 3. The die
area is 2. Zmm X 2. Imm and the area of LNA plus [-Q
mixers is 0. 95mm X 0. 55mm. The experimental setup
used for characterization of LNA and quadrature mix-
ers is shown in Fig. 4.

The RF signal is injected into the LNA input via
a balun and an input matching network. The balun
converts the single-ended signal provided by the RF
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Fig.3 Die photo

signal generator into a differential signal. Particular
surface acoustic wave (SAW) filters naturally provide

a differential output,so a balun is not necessary. The
matching network provides a real 50Q) impedance to
match with the signal source. Figure 5 shows that at
1. 57542GHz, the measured S;; is less than — 22dB.
Following the mixer,an IF driver is used to measure
the mixer output. The driver is designed so that its lin-
carity does not interfere with the mixer linearity
measurement,and its insertion loss will be compensa-
ted. In a real chip,an image-reject filter and an AGC
amplifier would replace the IF driver. The output IF
spectrum is shown in Fig. 6 and the measured 1dB
compression point is shown in Fig. 7. The results of
experimental measurements are summarized in Table
3 and compared to other designs.
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Table 3 GPS Front-end performance summary

Parameter This work Ref.[4] Ref.[11]
Technology 0.18ym CMOS | 0.35ym CMOS | 0.35xm CMOS
Supply voltage/V 1.8 1.5 2.8
LO frequency/MHz 1571.328 1400.42 1435.42
LO leakage to RF port 90 - -
/dBm
IF frequency/MHz 4.092 175 140
S11/dB -22.3 -12 -12.3
Cascade noise figure/dB 2.4 4.1 3.8
Total conversion gain/dB 35 13.4 40
1dB compression (input) _g9 _90 455
/dBm
Power dissipation/mW 5.4 12 22.4
Die area/mm? 0.52 0.84 4.2
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4 Conclusion

A 5.4mW low-noise, high-gain RF front-end for
portable GPS receivers has been presented. The func-
tional LNA/mixer combination has a voltage gain of
35dB.a cascade NF of 2.4dB.an S;;of —22.3dB,and
a P, of —22dBm. This demonstration shows the po-
tential for a fully integrated CMOS RF front-end,
even when targeting stringent standards. In particu-
lar,low power consumption and a low noise figure are
the main features of this realization.

References

[ 1] Shaeffer DK,Lee TH.A1.5V,1.5GHz CMOS low noise ampli-
fier. IEEE J Solid-State Circuits,1997,32(5) :745

Ko J,Kim J,Cho S,et al. A 19-mW 2. 6-mm? L1/L2 dual-band
CMOS GPS receiver. IEEE J Solid-State Circuits, 2005, 40 (7).
1414

(2]

[3]

[4]

[5]

[6]

[8]

Lo]

[10]

[11]

Montagna G.Gramegna G.Bietti I.et al. A 35-mW 3. 6-mm? fully
integrated 0. 18-pum CMOS GPS radio. IEEE J Solid-State Cir-
cuits,2003,38(7) :1163

Shahani A R,Shaeffer D K. A 12-mW wide dynamic range CMOS
front-end for a portable GPS receiver. IEEE J Solid-State Cir-
cuits,1997,32(12) . 2061

Lee T H. The design of CMOS radio frequency integrated cir-
cuits. Cambridge: Cambridge University Press, 1998

Abidi A A, Pottie G J, Kaiser W J. Power-conscious design of
wireless circuits and systems. Proc IEEE,2000,88(10) :1528
Andreani P, Sjoland H. Noise optimization of an inductively de-
generated CMOS low noise amplifier. IEEE Trans Circuits Syst
I11,2001,48(9) :835

Nguyen T K,Kim C H,IThm G J,et al. CMOS low-noise amplifier
design optimization techniques. IEEE Trans Microw Theory
Tech,2004,52(5) ;1433

Fong K L,Meyer R G. Monolithic RF active mixer design. IEEE
Trans Circuits Syst II: Analog and Digital Signal Processing,1999,
46(3):231

Darabi H, Abidi A A. Noise in RF-CMOS mixers:a simple physi-
cal model. IEEE J Solid-State Circuits,2000,35(1):15

Svelto F, Deantoni S, Montagna G, et al. An 8mA, 3. 8dB NF,
40dB gain CMOS front-end for GPS applications. Proc ISLPED.,
2000:279

AT {EER GPS #WH B S. 4mW KR = 5 1z CMOS

ER#H

(1 [ B2 BE R TS . bt
2 FOM R TABRA R, BT

oA

100029)
310053)

WE . Bk 7 TE N GPS HOHL BT 5 9 CMOS R M P AR 4% A I SR A1 2% . 32 WL 0%+ ) A1 T 7 A DR b SR T Y 1 3y v
SRS B A G 9T 5L DR 29 R B MR R R A A TR I DG E R L I SR A B TR KA R B0 HUK SR T TSMC 0. 18pum RF
CMOS T 2552 BH, Ay HE T % 0 3% 25 O 35dB, SR 75 R Bk 2. 4dB. i A 1dB JE 45 /5 — 22dBm, fir A VG e K45, 1 A Il 488

—22.3dB.1E 1. 8V HUEMLE T 225 B B IIFE N 5. 4mW.

KB : CMOS G ML B RBRE MRS (KA HORE; BB Hlotls A R

EEACC: 1220; 1250

FESES: TN722.3 XHERFRIRAS: A

* [ R @ HARTE T & R 9% B B (i S : 2007AA12Z344)
T M {E1E# . Email . wangliangkun@ime. ac. cn
2008-03-21 Y £ ,2008-06-07 & i

XEHS: 0253-4177(2008)10-1963-05

©2008 H [H 72



