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Abstract:

A CMOS dual-band multi-mode RF front-end for the global navigation satellite system receivers of all

GPS, Bei-Dou, Galileo and Glonass systems is presented. It consists of a reconfigurable low noise amplifier (LNA), a
broadband active balun, a high linearity mixer and a bandgap reference (BGR) circuit. The effect of the input parasitic
capacitance on the input impedance of the inductively degenerated common source LNA is analyzed in detail. By
using two different LC networks at the input port and the switched capacitor at the output port, the LNA can work at
two different frequency bands (1.2 GHz and 1.5 GHz) under low power consumption. The active balun uses a hybrid-
connection structure to achieve high bandwidth. The mixer uses the multiple gated transistors technique to acquire a
high linearity under low power consumption but does not deteriorate other performances. The measurement results of
the proposed front-end achieve a noise figure of 2.1/2.0 dB, a gain 0of 33.9/33.8 dB and an input 1-dB compression point
of 0/1 dBm at 1227.6/1575.42 MHz. The power consumption is about 16 mW under a 1.8 V power supply.
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1. Introduction

In recent years, GPS based applications for commercial use
have grown dramatically. The manufacturers of cellular tele-
phones, portable computers, vehicles and other mobile devices
are looking for ways to embed GPS into their products. Al-
though GPS is the only fully operational, available global nav-
igation satellite system (GNSS), in the near future, GPS radios
and the other three navigation systems, i.e. Bei-Dou, Galileo
and Glonass, will be broadly utilized in cell phones, PDAs, cars
and so on. The four navigation systems ranging signal broad-
casting from the satellites mainly use two frequency bands:
1.2 GHz band and 1.5 GHz band. Most existing navigation
receivers are one band one model!-2), one band dual-model®!
or dual-band one mode!* 5], Thus, there is strong motivation
to provide highly integrated, low-cost, low-power, dual-band
navigation receivers for the positioning services. This paper
presents a dual-band multi-mode navigation receiver front-
end targeted for low-cost, low power consumption and high
linearity.

2. Receiver architecture and considerations

Usually, there are three typical architectures in the common
wireless receiver design: super-heterodyne, low-IF and zero-
IF. The super-heterodyne has been the most widely used archi-
tecture in the last few years, since it can provide high and stable
performance. However, this architecture needs many more off-
chip components, which thus increases the design complexity
and the system cost. In addition, this architecture needs signif-
icant power to drive the off-chip surface acoustic wave (SAW)
filters. Undoubtedly, this architecture is not suitable for low-
power and low-cost applications. In contrast, zero-IF architec-
ture is very low cost due to its very high integration. In this ar-
chitecture, the image rejection is not very important at the RF
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front-end. However, it has some disadvantages, such as high
flicker noise, DC-offset, LO leakage, even-order distortion and
IQ mismatch. Furthermore, a significant amount of energy of
the GPS signal is contained at the center frequency, so zero-IF
implementation is unpractical.

In order to avoid the drawbacks of the two architectures
described above, the navigation receiver described in this pa-
per uses a low-IF architecture, as shown in Fig. 1. The low-IF
receiver features a similar integratability as the zero-IF one.
Compared with the zero-IF receiver, the low-IF receiver is less
sensitive to 1/ f noise and DC-offset at the expense of a higher
image-rejection requirement. In this design, the RF SAW filter
and the IF complex band pass filter (BPF) were used to improve
the image rejection.

In Fig. 1, the RF signal is received by the antenna and is fil-
tered with a RF SAW filter to remove the out-of-band signals,
including the image signal. The dual-band low noise ampli-
fier provides enough high gain (HG) to suppress the noise of
the subsequent blocks. In order to connect the single-end LNA
and the double balance mixer, the active balun was added be-
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Fig. 1. Block diagram of the multi-mode selectable dual-band GPS
receiver.
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Fig. 2. Proposed dual-band LNA. (a) Schematic of the LNA. (b)
Equivalent circuits of the input port.

tween them. Then the broadband mixer converts the RF signal
to an IF signal of 46 MHz. The active complex BPF acts as the
channel selected filter and suppresses the image signal further.
Last, the programmable gain amplifier (PGA) ensures that the
receiver can satisfy the required dynamic range of the GPS re-
ceiver. In addition, in order to control the gain of the PGA, the
received signal strength indicator (RSSI) circuit was added in
front of the PGA.

This paper presents a dual-band RF front-end for multi-
mode GNSS applications, including a dual-band single-end
LNA, broadband active balun, high linear mixer and BGR.
The BGR provides the precise bias voltage for the LNA, ac-
tive balun and mixer. In addition, every block has the power
down (PD) mode to save the product’s power when the GNSS
receiver does not need to work. The front-end topology shown
in Fig. 1 was chosen based on the following reasons:

(1) Compared with the differential topology, a single-end
LNA can save a lot of power consumption and chip area.

(2) The balun behind the LNA can achieve a lower noise
figure than in front of the LNA, because an external balun will
cause gain loss and therefore deteriorate the noise figure.

(3) The active balun can provide more positive voltage gain
and save greater chip area than an on-chip passive balun.

(4) A 46-MHz IF can achieve very high image-rejection
from the RF SAW filter.

3. Circuit design

3.1. Dual-band input impedance matching

The schematic of the proposed dual-band low-power LNA
is shown in Fig. 2(a). The input ESD protection circuit com-
prises dual diodes D1 and D2. Figure 2(b) shows the equivalent
circuits of the input port. C;, is the parasitic capacitance of the
input port, including the ESD protection circuit, bonding pad
and SW3. Through a series of parallel-series and series-parallel
conversions, the real part of Z! can be expressed by

¢\
Re (Zi/n) = Rin = (C]TCP) Reqv (1)

where
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Fig. 3. Effect of C}, on the real part of the input impedance (W/L =
60/0.18, Vgs = 0.65V, f = 1.5 GHz).

L = L 27
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From Eq. (1), it can be seen that the parallel parasitic ca-
pacitance C, transforms downwards the real part of the input
impedance. Figure 3 shows the real part of the input impedance
Zi, versus the parasitic capacitance C, at different L values.
When C, increases, the real part of Z;, decreased greatly. With
C, > 200 fF (usually C, is greater than 200 fF (61, the real part
of Zi, is below 30 Q2. From Eq. (1), it can be seen that larger
Cqs, Ls and wr can increase the Re[Z';,], but a larger L¢ will
reduce the gain and increase the noise figure. In addition, a
larger C,s means a larger width, and a larger wr means a larger
overdriving voltage, which increases the power consumption.
That is to say, under the influence of the input parasitic capac-
itance, a single inductor L, cannot match the input impedance
of the low-power LNA to 50 2. So, the external LC network
(L4, Cin) was used to match the input impedance, as shown in
Fig. 2.

Figure 4 shows the dual-band input impedance matching
using the different LC networks. From Fig. 4, it can be seen that
the input impedance can be achieved to 50 €2 easily by using
appropriate Cy, and L,. By using two different LC networks,
the input port of the LNA can be matched to 50 €2 easily.

3.2.LNA

The proposed dual-band LNA has two gain modes: HG
mode and bypass mode. When the input power is small or us-
ing the passive antenna, SW2 is on, SW3 is off and the LNA
works at the HG mode. Otherwise, when the input power is
very large or using the active antenna, SW2 is off, SW3 is on
and the LNA works at the bypass mode to avoid the saturation
of the next block. SW1 is the output band selected switch.

From the analysis above in Section 3.1, it can be seen that,
if C,, is very large, the Re[Z] ] is very small (far less than 10
2), then, the input matching is very difficult. So, the value of
C, must be reduced as far as possible. In order to have 2-kV
ESD protection, the parasitic capacitor of the ESD circuit is
about 200 fFI¢]. So, there are only two ways to reduce the G
value. One is to use a low-capacitance PAD. In this paper, the
octagonal-shaped pad with only the top metal was used at the

Req = wrLs. 2

115008-2



J. Semicond. 2010, 31(11)

Zhang Hao et al.

1.0j

7=11.8+20.8]

Z=13.5422.7]

Fig. 4. Dual-band input impedance matching (assume Q of the induc-
tor is 50).

input port. The other was to reduce the capacitance of SW3. Re-
ducing the size of SW3 can achieve low capacitance. In con-
trast, a small width means a small on-resistance, which may
cause a large signal attenuation at the low gain (LG) mode.
Therefore, the size of SW3 must be a trade off. Compared with
SW3, the size of SW2 can be selected easily. It can be selected
large enough to acquire small on-resistance, because its para-
sitic capacitance can be considered in the output matching net-
work.

A single-end topology can save half power, compared to
the differential topology. In addition, the on-chip inductor oc-
cupies a large chip area, the differential topology usually needs
four on-chip inductors, but the single-end topology only needs
one on-chip inductor. The source degenerated inductor can be
realized by the bond wire, so the chip area of the single-end
LNA is only about a quarter of the differential LNA.

The noise figure of the LNA can be expressed by!”]

2
F=1+(CP+C1) RLg+Rcm+ rg
Cl Req Req

T

St 4Req w0\
+ + (—0) : 3)
ngReq Ry wr

[6  sa2
Y =142 | —a+ 2 ()
5y 5y

where Ry, and Ry are the series parasitic resistance of L,
and Cp,, respectively. Ry, is the substrate resistance, Ry is the
equivalent load parallel resistor, wy is the operation frequency,
o = gm/gd0, &m 1S the transconductance of M1, gqo is the zero
bias drain conductance, y is the channel current noise factor, &
is the gate induced current noise factor, 7 is the bias-dependent
constant and c¢ is the correlation coefficient between the gate
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Fig. 5. Inter-stage matching of LNA and balun.

and drain noisel®]. From Eq. (3), it can be seen that reducing
Cp, Rig and R, and adopting large wr canresult in a low noise
figure.

3.3. Inter-stage connection

In the fully integrated transceiver, the connection between
two blocks is very important, especially at the RF frequency
band. In this work, the connection between the LNA and the
balun shown in Fig. 5 is analyzed. Since the output impedance
of the LNA (Zoy,1n4a) 1s inductive while the input impedance
of the balun (Zi, vaiun) 1s capacitive, the capacitors Cy, C, C3
and Csw (parasitic capacitance of SW2 and SW3) are used to
realize the inter-stage connection. In order to acquire a high
voltage gain, the load impedance of the LNA was adopted in
a parallel resonance circuit that is made up by the MIM ca-
pacitors Cy, C», the drain capacitor of M2, the gate capaci-
tance of M3, the parasitic capacitance Csw and the load in-
ductor Lg4. C3 is the coupling capacitor. If the width of SW2
is large enough, the on-resistor can be ignored. Compared with
the inter-stage LC-matching network, this connection structure
needs less area.

The choice of inductor L4 must be a tradeoff. A larger Ly
can achieve a higher gain of the LNA. But, if L4 is increased,
the capacitance must be decreased in order to not change the
resonant frequency. In order to meet the needs of the two bands,
the switch capacitance, which is composed of SW1 and C», is
used to change the resonant frequency.

3.4. Active balun

In order to connect the single-end LNA and the double
balanced mixer, the active balun was added between them.
Figure 6 shows the schematic of the active balun, which has
three basic cells. The basic cell of the active balun uses the
common-source amplifier with source degeneration to produce
the differential output. This kind of topology has an advan-
tage over the pseudo-differential pair converter. Since it has
the source degeneration resistor, it can achieve higher linearity
with low biasing current!®]. From the viewpoint of out+, the
circuit is a source follower (SF) with a drain resistor. On the
other hand, from the viewpoint of out—, the circuit is a common
source (CS) amplifier with source degeneration. A capacitor Cy
is added to compensate for the effect of the drain capacitance

115008-3



J. Semicond. 2010, 31(11)

Zhang Hao et al.

Basic cell /——-;

RS CS

O O
+ +
Cy
R d
in 0 out—
n
- out+
R ¢ 1
O O

Fig. 7. Small-signal equivalent circuit of the basic cell.

of M1 on the phase of the differential output. From its small-
signal equivalent circuit, shown in Fig. 7, the transfer functions
of the two outputs can be derived as

1
(Cuten) (R )
1
1+ (SCgs + gm) (RS ” E)
Ry [(gm + RiCesCs) + 5Cys (1 — gmRy)]

= 1 b
(1 + R2C2) [1 + (sCgs + &m) (Rs I scs)}
5)

H(s)sp =

—gmRad
1 .
1+ (scgs +gm) R ” S_Cs

From Egs. (5) and (6), it can be seen that, when

H(s)cs = (6)

Rs(gm + RngsCs)
1+ R2C?2

= ngd? (7)
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Fig. 8. Simulation results of the active balun.
gmRs—1=0, ®)

the two voltage gains have opposite sign. By adjusting the val-
ues of Ry, R, and Cs, two outputs have the same voltage gains
with a 180° phase shift. But the impedance of the compen-
sation capacitor Cy is frequency dependant and does not suit
broadband applications. In addition, the output impedances of
the two ports are different. So, we use three cells hybrid con-
nected, as shown in Fig. 6. The fully symmetrical topology
of the active balun can acquire high bandwidth and the same
output impedance. Figure 8 shows the differential character-
istics of one cell and three cells. From Fig. 8, it can be seen
that the magnitude and phase can be matched very well at one
frequency using only one cell. However, the cascade topology
can be matched very well during a large frequency range. The
drawback of the cascade topology is that its power consump-
tion is three times that of only one cell. Fortunately, the power
consumption at this stage is very small.

3.5. IQ-mixer

As the last stage of the RF frontend, the mixer’s linear-
ity plays an important role in the whole system!®!. In the con-
ventional Gilbert mixers, the linearity is mainly limited by the
transconductor stage'?). There are many methods to improve
the transconductor stage’s linearity. For example, the multi-
tanh linearization technique is used to improve the linearity
of the mixer by using a multiple paralleled transconductance
stagel!!]. In this method, the additional paralleled transconduc-
tance stages will increase the noise figure and the power con-
sumption. The other one is a source degeneration technique.
The main drawback of this method is that the negative feed-
back will decrease the voltage gain of the mixer. Furthermore,
the resistive degeneration will increase the noise figure and re-
duce the voltage headroom. The inductive degeneration will
occupy large chip areas. So, in this paper, the transconductor
stage uses the multiple gated transistor (MGTR) techniquel'2],
as shown in Fig. 9, to improve the linearity. The mixer is a
modified double balanced Gilbert-cell. The tail current source
is removed to acquire more voltage headroom, thus improving
the linearity. Mp1 and Mp2 are the current bleeding devices to
reduce the noise figure. In addition, the current bleeding tech-
nology can reduce the current flowing though the load resistors,
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Fig. 9. Schematic of the high linear mixer.
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Fig. 10. Third-order nonlinear currents of the main FET and the aux-
iliary FET, and their summation.

thus allowing the use of large load resistors, which can increase
the conversion gain. The load uses the poly resistor to achieve a
high bandwidth and linearity. Besides this, the poly-Si resistors
are free from flicker noise.

The MOSFETSs of the MGTR topology work in two differ-
ent regions. The main FETs (M4 and M5) operate in the sat-
uration region and the auxiliary FETs (M6 and M7) operate
in the sub-threshold region. The g/, of the main FETs can be
off-set by the g; of auxiliary FETs when the bias voltages and
sizes are chosen carefully. Figure 10 shows the g; offset mech-
anism. Because the auxiliary FET works in the sub-threshold
region, its drain current is near zero, that is to say, this tech-
nique can improve the [IP3 of the mixer but does not consume
additional power.

3.6. Bias circuits

The variations in the supply voltage and the temperature
will affect the current in the circuit and the S-parameter of
the devices. To solve those problems, the BGR bias circuit
was adopted for the frontend to stabilize the gain and input
impedance over the temperature and supply voltage variations.

Figure 11 shows a schematic of the bias circuits.

The BGR voltage circuit produces a precise reference volt-
age (Vier), which is independent of the temperature and supply
voltage. The operational amplifier (OPA) makes the voltage
on R_offchip equal to Vs That is to say, the current through
R_offchip (/i) is independent of the temperature and the sup-
ply voltage too. The self bias circuits convert the currents
which copy from the I..r to voltages for the LNA, the balun
and the mixer. Between the bias circuits and the LNA, there is
a power down circuit. When the PD is high, M1 is on, M2 is
off and the bias voltage is added on the LNA. In contrast, when
the PD is low, M1 is off, M2 is on, and M1 cuts off the connec-
tion of the bias circuit and the LNA. The bias of the LNA was
connected to ground though M2. Cs is the bypass capacitor
which uses the MOSFET capacitor to save the chip area.

4. Measurement and discussion

The RF front-end was fabricated in the TSMC 0.18-um
RF CMOS process. The micrograph of the front-end chip is
shown in Fig. 12. The chip area including all bonding pads is
1327 x 836 wm?. The major test equipment includes an Agilent
network analyzer E5S071B, a spectrum analyzer E4440A, a RF
signal generator E4438C and SMP04, a noise figure analyzer
N8975A and a digital oscillograph 6102.

In this frontend, the input matching is very important. Be-
fore the chip test, the off-chip input matching network of the
LNA, shown in Fig. 1, must be prepared. In this design, L is
realized by bond wire, and L, is composed of the input bond
wire (L) and an off-chip SMD component (L, ). As the length
of the bond wire (Ls of LNA) is difficult to control very pre-
cisely, Z/ may have some difference with the post-simulation
result. In addition, Ly is difficult to control too. The length of
input bond wire will affect the value of L,. So, the matching
method used in Ref. [13] is not suitable for this work and the
values of Ly, and Cp,, must be determined through testing. The
matching procedure of bonding the LNA with an L-type net-
work is as follows. First, port expansion. Extend the calibration
plane from A to B, as shown in Fig. 13. Now, the influence of
the transmission line T, is calibrated off. Second, bond the chip
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Fig. 12. Micrograph of the front-end.
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Fig. 13. Top view of the test board (not to scale).

on the PCB board and solder the zero-ohm resistor at the posi-
tion of Ly,,. Then, test the input impedance Z 1’; Last, according
to the test result of Zi/;, determine the value of L, and Cp,, as
shown in Fig. 4. In order to avoid the deterioration of NF due
to the parasitic resistance of L, and Cp,, high Q components
can be used. In this work, the ATC inductor was used. (The Q
of a 12 nH inductor is about 62 at 1.2 GHz and the Q ofa 7.4
nH inductor is about 79 at 1.575 GHz.)

Figure 14 shows the measured results of the input matching

— "~ — Power
BandGap | | y E ¢ @ i? Down
Reference ref > & control
Voltage |: - 2
N\
\
" To LNA

il

g 20k
(/}:
_30k
1.2GHz
band
—40L 1.5GHz
band
1 1 1 1 1
1.0 1.2 1.4 1.6 1.8

/ (GHz)

Fig. 14. Measured S11 of the front-end in HG mode.

Voltage gain (dB)
O
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sk //M
0
5L —— 12 GHz band HG —#— 1.5GHz band HG
—O— 1.2GHzband LG —@— 1.5 GHz band LG
105 T2 1.7 1.6 I8
f (GHz)
Fig. 15. Measured voltage gain in HG and LG modes.

performance in the range of 1-1.8 GHz. By using the match-
ing method described above, S;; is about —28 dB at 1227.6
MHz and —23 dB at 1575.42 MHz. Figure 15 shows the mea-
sured conversion gain of the front-end at two bands. The con-
version gain is about 33.8 dB at 1227.6 MHz and 33.9 dB
at 1575.42 MHz. Figures 16 and 17 show the measured re-
sults of the linearity performance. Under the bypass mode,
the 1-dB compression point is 0 dBm at 1227.6 MHz and
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Table 1. Performance comparisons between recently published frontends.

Parameter This work This work Ref. [14] Ref. [15]** Ref. [16] Ref. [17]

Freq (MHz) 1227.6 1575.42 1575.42 1575.42 1575.42 1575.42

Gain (dB) 33.9/8.8* 33.8/8.4* 36 35 38 11.4

S11 (dB) -28 -23 -20 -17.7 Na -24.5

Piap (dBm) 25.5/0* 4/1* 31 38 316 62

1IP3 (dBm) -10/5* -10.5/5.5* -19 Na -20.2 6.1

NF (dB) 2.1 2.0 4.8 33 1.8 5.87

AMag (dB) <0.05 <0.08 Na Na Na Na

Aphase (deg) <0.8 <0.6 Na Na Na Na

Process (nm) 180 180 130 180 90 350

Topology™*** sed-LNA-+balun  sed-LNA-+balun Full-sed Balun-LNA Balun-LNA Full-diff
+diff-mixer +diff-mixer +diff-mixer +diff-mixer

Power (mW) 16 16 5.4 10 36 40.9

* Correspond to the HG and the LG mode, respectively. **Simulation results. ***sed and diff mean single-ended and differential

topology, respectively.

10+
)]s
]
3 -10F
Q.F
20
—=— HG
=30 —&— LG
1 1 1 1 1
-40 -30 -20 -10 0 10

P_(dBm)

in

Fig. 16. Measured input 1 dB compression point at 1.2 GHz band.

10+
1S
B
£ -lop
Q‘é
20+
30k —— HG
B - LG
1 1 1 1 1
-40 -30 -20 -10 0 10

P, (dBm)

Fig. 17. Measured input 1 dB compression point at 1.5 GHz band.

1 dBm at 1575.42 MHz. Table 1 gives the measured results of
the proposed frontend compared to recently published works.
The NF of 1575.42 MHz is lower than 1227.6 MHz, which is
due to the higher QO factor of L,,. From Table 1, it can be seen
that the proposed frontend achieves a low noise figure and high
linearity under low power consumption.

5. Conclusions

A dual-band multi-mode RF front-end for a navigation re-
ceiver in a 0.18-um RF CMOS process is presented. In order
to work at two frequency bands, a reconfigurable LNA and
broad band active balun were used. The LC input matching net-
work makes the LNA work under low power consumption. To
increase the linearity of the frontend, MGTR technology was
employed. The measured results show that the frontend can be
used for the four navigation systems.
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