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Abstract: This letter describes the design of a triple-band Global
Positioning System (GPS) receiver that simultaneously covers the L1,
L2 and L5 frequency bands. The proposed receiver uses an image-
rejection technique that can separate signals from the three frequency
bands to three corresponding ports. It uses a single RF path containing
a low-noise amplifier (LNA), and active and passive mixers with a pair
of local oscillator signals. The triple-band GPS RF front-end chip is
fabricated using 130 nm CMOS technology, and has a noise figure of less
than 7.1dB and an S1; coefficient of less than —10dB in the frequency
range 1.15-1.6 GHz. The experimental results demonstrate a 35-40dB
image rejection ratio at each output port with a power consumption of
7.2mW (LNA and mixers) using a 1.2V supply voltage.

Keywords: GPS, triple-band receiver, RF front-end, CMOS inte-
grated circuit

Classification: Microwave and millimeter wave devices, circuits, and
systems
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1 Introduction

Recently, the Global Positioning System (GPS), which was originally devel-
oped for military purposes, is widely used for obtaining location information
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in applications such as car navigation systems. Consumer applications gener-
ally employ a single GPS receiver chip fabricated using a CMOS process. The
absence of compound semiconductors or bipolar processes leads to a signifi-
cant reduction in the size, cost, and power consumption of such devices [1],
allowing the widespread use of civilian GPS signals.

On the other hand, the use of civilian GPS signals is also becoming at-
tractive for scientific applications, such as ocean remote sensing [2], for which
higher positioning accuracy is required. One way of achieving this is to use
multiple civilian GPS signals at different frequencies, and such an approach
can also offer advantages for robust GPS services such as those used in avia-
tion. Multi-band GPS has come closer to reality with the launch of a satellite
transmitting in the L5 band, to compliment the L.1 and L2 civilian bands that
are already in use [3]. Thus, GPS receivers that can detect all three bands
simultaneously are now in demand.

One of the key issues in designing a triple-band GPS receiver is how to im-
plement a highly integrated RF front-end that can operate at low power. To
date, very few multi-band GPS receivers have been reported [4, 5, 6, 7, 8, 9].
Although dual-band receivers have been developed that use a band-selection
architecture [6] or a simple parallel arrangement of several receivers [9], these
approaches can not realize miniaturized low-power devices. Simultaneous re-
ception with the same RF signal delay, which is important for some scientific
applications, is also not possible [2].

In the present study, we propose an architecture for a triple-band GPS
receiver that can simultaneously receive the L1, L2 and L5 frequency bands.
The RF front-end for the proposed receiver is designed using 130 nm CMOS
technology. The designed chip has a wide-band low-noise amplifier (LNA)
with a low noise figure (NF) and input matching (S11) in the frequency range
1.15-1.6 GHz, and uses active and passive mixers for modified Weaver image
rejection [10, 11].

2 Triple-band receiver architecture

The proposed receiver architecture is shown in Fig. 1(a). It can separate
signals in the three frequency bands passing through an RF signal path based
on Weaver image rejection. It is a modified version of a previously proposed
dual-band GPS receiver [10, 11]. By appropriate conversion of the phase of
the signal in each of the three bands, the desired signal can be isolated at each
port. By choosing appropriate frequencies for the local oscillators LO1 and
LO2, simultaneous triple-band reception can be achieved. Two poly-phase
filters (PPFs) are used to distinguish signals in the three bands concurrently.
In the first PPF, signals in the L1 band are separated from the combined
signals in the L2 and L5 bands using a Weaver image-rejection technique.
Subsequently, the phases of the L2 and L5 signals are changed by the second
PPF. This process allows the signals associated with each of the frequency
bands to be separated to their own ports.

Details of the signal processing method used are shown in Fig. 1(b). It is
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Fig. 1. (a) Triple-band receiver, (b) signal processing,
and (c) conceptual signal spectrum at the loca-
tions indicated in (b).

based on the concept of complex signal processing and the Hilbert transform
(denoted by “H” in the figure) [12, 13]. The RF input signal is expressed as
spr(t) = Rla(t) exp(jwt)], where w is the angular frequency and a(t) is the
complex baseband signal. In the first mixer, a quadrature LO signal with a

frequency froi(= wroi1/27) convert spp(t) to a complex signal given by

l[a(t)ej(w*wLm)t +a* (t)e*j(wﬂLwLOl)t]. (1)

spp(t)e /oot = 5

In the above equation, the desired down-converted component is represented
by the first term. The first PPF performs a Hilbert transform[13] on the
real and imaginary parts of the converted signals. The resistive adder then
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generates the following signals,

sirLi(t) = R[srre 700 + Slsppe L0

+H[R[spre 90| + H[S[sgppe 7wror]], (2)
sirQ(t) = R[sppe 710 + Slsppe I0r0M]

—H[R[spre 7“rot]] — H[S[spre /101, (3)

Since the transfer function for the Hilbert transform is —j sgn(w), where
sgn(w) represents the sign function, the above signals can be expressed as

sipLr(t) = Ra(t)e? @ roV y(wror — w)
g[a(t)ej(w—wwl)t]u(w —wro1) + %[a(t)ej(w+wL01)t]’ (4)
51F17Q(t) = —%[a(t)ej(“’_“’wl)t]u(wLOl — w)
[a(

Rla t)ej(w—wL01)t]u(w _ wLOl) + g[a(t)ej(w-i-wLOl)t], (5)

_|_

+

where u(w)(= (1 + sgn(w))/2) is a step function. Note that the frequency
components w —wro1 in syp1,7(t) and syp1,g(t) have the opposite polarity to
each other and change their own polarity for w > wro1 and w < wroi. This
provides a method for separation of the L1 and (L2 and L5) signals.

The second mixer, using a quadrature LO signal with a frequency froz(=
wro2/2m), causes a downward shift of the center frequency of the desired L1,
L2, and L5 bands. Appropriate addition and subtraction of the outputs of
the second mixer then extracts the L1 signal and produces a combined L2
and L5 signal with a different polarity, as follows:

sipa,r1(t) = —Slsrprr(t)e 79002 + Rspp q(t)e 7002
= Rla(t)e! @ wror=wro2)ty(w — wror)
—S[a(t)e/ ot o) u(wpo) — w), (6)
strana/sr(t) = Rlsppyr(t)e 79r0%] — Qs o(t)e /#r0%

— g[a(t)ej(w_wL01+wLo2)t]u(w _ WLOl)
+§R[a(t)ej(w_w1~01+wL02)t]u(wL01 —w)
_|_§R[a(t)ej(“-’+wL01—WL02)t]’ (7)

strana/s0t) = Slsrpyr(t)e M0 + Rspp o (t)e 7/ #r02

— §R[a(t)ej(w—WL01+wL02)t]u(w —wro1)
_g[a(t)ej(w—‘*’LoﬁwLoz)t]u(wLOl —w)

+g[a(t)ej(w+wml —WLOQ)t]_ (8)

Note that the frequency components w — wro1 +wro2 in sypo L5, 7(t) and
s172,12/5,0(t) have the opposite polarity to each other. As described later,
an appropriate combination of these frequency components and their Hilbert
transforms can exhibit different polarities for w > wro1 — wro2 and w <
wro1—wro2- This provides a method for separation of the L2 and L5 signals.

To convert the center frequencies of the L1, L2, and L5 bands to the same
frequency frpo(= wrpe/2m) along the signal path from the first to the second
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mixer, the LO1 and LO2 frequencies fro1, fro2 are set as follows.

wror = (wr1+wre)/2 9)

wro2 = wro1l — (wr2 +wrs)/2, (10)

where fr,(= wr;/2m) is the center frequency of the L; band (i = 1,2,5). In
this case, wrpy = (w2 —wrs)/2. Since fr1 =1575.42 MHz, fro =1227.6 MHz,
and f15 =1176.45 MHz, this gives fro1 =1401.51 MHz, f100 = 199.485 MHz,
and frpo =25.575 MHz. In the first down-conversion and the first PPF, the
L1 and L2 signals are converted to +£173 MHz images of each other with the
opposite polarity, as indicated by the first and second terms in Eqs. (4) and
(5). On the other hand, the L5 band signal is converted to 225.06 MHz in
this stage. With regard to the second down-conversion, Eq. (6) indicates that
srr2,01(t) at frpe contains the L1 signal. Similarly, as seen in Eqgs. (7) and
(8), the second terms in s;pa 9/51(t) and sypo 1275, (t) at & frr2 contain the
L2 and L5 signals. These signals are shown graphically in Fig. 1 (c).

To separate the L2 and L5 signals after the second mixer, s;po /5 1(t),
31F2’L2/5,Q(t) and their Hilbert transforms generated in the second PPF,
which are shown in Fig. 1 (c), are manipulated as follows,

siF2,2(t) = —Srpor250(t) + H(srro,r2/51(1)]
= 29[a(t)e! @ wrortero)ty(wy o1 — w)u(w — wrot +wroz)
—2R[a(t)elWmwLorteLo)y (w — wr o), (11)
srr2,n5(t) = Sroneys,1(t) — H(srro,r2/5.0(1)]
= 2R[a(t)e!WwrorteLo)y (w6, — wios — w)
+2R[a(t)ed @ Hwror—wro) (12)

where the fact that wro1 > wroo is used to simplify expressions such as
u(w — wror)u(w — wro1 + wro2) = u(w — wro1). Egs. (11) and (12) reveal
that sypo,r2(t) and srpo r5(t) at frre contain the L2 and L5 signals, respec-
tively, as seen in Fig. 1(c). The last term in s;po 11(t) (Eq. (6)), srre2,r2(t)
(Eq. (11)), and srp2,15(t) (Eq. (12)), corresponding to higher frequency com-
ponents, can be filtered out in the following stage (not shown in Fig. 1).

3 Circuit design

For the proposed GPS receiver that is capable of operating over a wide fre-
quency range of 1.17-1.6 GHz, the LNA is one of the most important building
blocks. In this study, a single-ended LNA with an active balun was used to
obtain a differential output signal for the first mixer, as shown in Fig. 2 (a).
Use of this topology can reduce the phase and amplitude errors of the dif-
ferential output signals. The LNA is based on a cascode common-source
amplifier with an inductive source degeneration topology [5]. The presence
of only a single gain stage reduces the power required and maintains high
linearity, and the cascode transistor isolates the input and output ports. The
values of the external input inductance Ly and the on-chip inductance L, are
chosen to achieve stable input matching. In contrast to previous work [5],
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Fig. 2. Circuit schematic of (a) LNA, (b) first mixer, (c)
second mixer, and (d) quadrature LO generator
designed in this work.

the quality factor of the load tank circuit is reduced only by the parasitic
resistance of the on-chip inductance Ly qq-

The NF and input reflection coefficient |S;;| determine the overall receiver
characteristics. The following expressions for NF and |S;;| are used,

2
NF ~ 1+1-X-Rs-gm-(—), (13)
« T

o) Sa?
- 1-92 — 4+ 2 14
X el + o (14 @), (14)

|Su|

; (15)

where Rj is the signal source impedance, fo(= wo/27) is the operating fre-
quency, fr(= wp/2m) is the unity gain frequency of device My, Q;, is a
function of the gate width of M1, which should be chosen to achieve a suffi-
ciently small input reflection [5], « is the ratio of the device transconductance
to the zero-bias drain conductance, & is the Elmore constant, and ~, §, and
c are the drain and induced gate noise current factors and their correlation
coefficient, respectively [14, 15]. Based on these conditions, @, can be op-
timized to achieve a low NF in all three frequency bands for a given current
consumption (3mA in this work). Simulations carried out using Cadence
Spectre revealed that [S11] < —10dB and NF < 1.5dB for the L1, L2, and
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L5 bands (1150 ~ 1600 MHz), as shown in Fig. 3 (c).

Figures 2(b) and (c) show circuit schematics for the first and second
mixers. To improve the linearity for use in a wide-band GPS system, the
transconductance stage in the first mixer has source degeneration. In contrast
to our previous work [10, 11], a shared transconductor is not used in the first
mixer because the image rejection ratio (IMRR) can also be improved in the
IF circuit blocks [16]. The quadrature LO generator shown in Fig. 2(d) is
used for the first and second mixing processes.

4 Experimental results

An optical micrograph of the chip fabricated using a 130nm CMOS pro-
cess is shown in Fig. 3 (a). The chip area including input and output pads

is 2.4 mm?

. The power consumption is about 7.2mW with a 1.2V supply
voltage, which is mainly for the LNA and mixers.

Measurements were carried out using a wafer probe station. The designed
chip had no external inductor (L4 in Fig. 2 (a)) dominating input matching.
To avoid instrumental errors originating from bonding wires, the small-signal
and noise characteristics of the receiver chip with an ideal inductor L, in series
with the gate of M; were calculated on the basis of measured data [17]. The
insertion loss for the input matching circuit, cable and probe needle was also
compensated for [18]. The resulting S1; and NF data are shown in Figs. 3 (b)
and (c). The NF for the receiver chip is less than 7.1 dB over a wide frequency
range covering the L1, L2, and L5 bands.

To investigate the capability of the chip for triple-band reception, the
frequency selectivity was measured, and the results are shown in Fig. 3 (d).
The input power was —50 dBm and the power of the LO1 and LO2 signals
was 5 dBm. The output signal power level was found to be about —50 dBm.
The IMRR for the L1 and (L2, L5) signals was about 40-42dB and that for
the L2 and L5 signals was about 35-37 dB.

5 Conclusion

In this letter, a receiver is proposed for concurrent triple-band reception of
L1, L2 and L5 GPS signals using two local oscillators. The proposed receiver
is designed using a 130nm CMOS process to demonstrate the possibility
of concurrent triple-band reception using a modified Weaver image-rejection
technique. For each of the output ports, the IMRR was estimated to be
35-42 dB.

Although the present study is preliminary and further work is required
before the device can be used in practical applications, the feasibility of
simultaneous GPS triple-band reception with a single RF path has been
demonstrated.
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