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A Completely Integrated 1.9-GHz Receiver Front-End
With Monolithic Image-Reject Filter and VCO

John W. M. Rogers, José A. Macedo, and Calvin Plett

Abstract—A 1.9-GHz monolithic superheterodyne receiver front-end
with 300-MHz IF on-chip tunable image-reject filter and voltage-con-
trolled oscillator (VCO) is presented. Two versions of the receiver were
fabricated on a 0.5- m bipolar process and compared to a previously
fabricated version with an off-chip VCO. The two versions are identical,
except for the fact that the 2.2-GHz VCO was realized with and without
ground-shielded inductors. The receiver that used ground-shielded
inductors had a conversion gain of 25.6 dB, a noise figure of 4.5 dB, a
third-order input intercept point (IIP3) of 19 dBm, an image rejection of
65 dB, and a phase noise of 103 dBc/Hz at 100-kHz offset. The receiver
drew 32.5 mA from a 3-V supply and had a die area of 2.1 mm 1.7 mm.
The local-oscillator–IF isolation improved compared to the previously
fabricated front-end with an off-chip VCO.

Index Terms—Inductors, integrated circuit design, MMIC receivers,
notch filters, voltage-controlled oscillator.

I. INTRODUCTION

Superheterodyne receivers are state-of-the-art in mobile commu-
nications [1]. A superheterodyne receiver front-end consists of a
low-noise amplifier (LNA), an image filter, a mixer, and a voltage-con-
trolled oscillator (VCO), as shown in Fig. 1. An LNA with a very low
noise figure (NF) is typically required to enable the receiver to detect
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Fig. 1. Block level diagram of a superheterodyne receiver front-end.

very weak signals. Additionally, the LNA must provide sufficient gain
to suppress the noise generated by the following stages (image filter
and mixer). The image filter is required to suppress the unwanted
image frequency, which is located two IFs away from the desired
RF [2]. The mixer translates the desired signal from the RF to an
IF, usually a lower frequency, for further processing by the receiver
back-end. Finally, the VCO allows channel selection of signals in the
receive band.

Currently, off-chip passive filters, such as surface acoustic-wave
(SAW) filters or ceramic filters, are used for image rejection. Recent
work has shown, however, that it is possible to integrate the image
filter on-chip using either an image-reject mixer [3], [4] or with the use
of an image-reject notch filter [5]–[7] It is also typical to use off-chip
VCOs or VCOs with off-chip resonators due to the low-Q of on-chip
inductors. These filters and VCOs represent the major impediment to
raising the level of integration of wireless radios since they cannot be
easily implemented monolithically. They also represent a significant
fraction of the overall cost of the receiver front-end.

To avoid the cost and complexity of going off-chip between indi-
vidually packaged components, it is desirable to integrate as many
components as possible. Previously it has been shown that it is pos-
sible to integrate the image filter on-chip. In this paper, the receiver
previously presented in [5] is expanded to include a VCO. This work
demonstrates that it is possible to integrate a superheterodyne receiver
front-end (LNA, on-chip image filter, and mixer) with a VCO without
impacting its performance. Further, the VCO’s performance is shown
to be improved by the use of inductors with a slotted ground shield
that improve theirQ. The result of this study is an RF front-end with
no off-chip components, except for the input matching elements (only
one series inductor).

II. CIRCUIT BUILDING BLOCKS

An integrated superheterodyne receiver front-end containing an
LNA, an image-reject filter, and a mixer was previously developed
[5]. This receiver front-end was tested with an off-chip local oscillator
(LO) (implemented with an RF signal generator).

The purpose of this paper is to further the integration level of the
described superheterodyne receiver by integrating the VCO on-chip.
This then ensures the minimum number of RF pins, only one RF input
and two IF outputs (differential).

The complete schematic of the integrated receiver consisting of an
LNA, a tunable image filter, a mixer, and a VCO is shown in Fig. 2.
The buffers (emitter followers) at the IF outputs and the dc bias ofQ1

andQ2 have been omitted andI3, I6, I15, I16, I17, andI18 are shown
as ideal sources for simplicity.

The receiver front-end is designed for a 1.9-GHz RF input and a
300-MHz IF. A high-sided LO of 2.2 GHz is selected and the image,
therefore, lies at 2.5 GHz, which is rejected by the image filter.

0018–9480/02$17.00 © 2002 IEEE
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Fig. 2. Complete schematic of the receiver front-end.

A. Design of the LNA and Down-Conversion Mixer

A common-emitter topology was selected for the LNA in order to
minimize the NF while obtaining good gain [8]. The LNA consists
of transistorQ1 with an LC resonant tank at the collector (L1 and
C1) and emitter degeneration provided by inductorLe1. Components
L1 andC1 were selected to resonate at 1.9 GHz to provide the de-
sired passband response. In order to minimize base resistance, a large
(80�m�0.5�m) emitter transistor was selected for the LNA and was
biased at 3 mA.

The double-balanced mixer consists of the input differential pairQ7,
Q8 with inductive degeneration(L5) for reduced noise and the quad
Q9, Q10, Q11, andQ12. The RF signal available at the filter output
(emitter ofQ6) is ac coupled to the base ofQ7 by means of capacitor
C6. This single-ended RF signal is then converted into in-phase and
antiphase currents by the differential transistor pairQ7, Q8 and fed
to the upper four switching transistorsQ9, Q10, Q11, andQ12. The
switching quad is driven by the 2.2-GHz differential LO signal, which
is generated by the on-chip VCO. Observe that the VCO signal is ac
coupled to the bases of the switching transistors by means of capacitors
(Cc).

The emitter degeneration inductorL5 achieves a substantial reduc-
tion in noise while providing improved linearity. To ensure symmetry,
L5 was made out of two identical inductors to realize a total induc-
tance of 14 nH. The mixer input transistorsQ7 andQ8 were selected
as large size devices (a 80�m � 0.5 �m emitter) for reduced noise.
They are biased at 1.25 mA each by means of current sources (Q13 and
Q14) whose current is adjusted by means ofVbias. The switching quad
transistors were made one-half the size of the input pair transistors to
ensure fast switching while still maintaining low noise. Collector load
resistors(Rc) were selected to ensure sufficient conversion gain. The
IF outputs (IF+ and IF�) are fed into two emitter follower buffers
(which, for simplicity, are not shown in the schematic of Fig. 2), which
can drive 50-
 loads for testing purposes.

B. Design of the Image-Reject Filter

The image-reject filter consists of transistorsQ2,Q3, andQ4. Tran-
sistorQ2 is biased at 2.5 mA. The series (notching) resonator consists
of L3, Q3, C3, C7, andCvar1, which is used to tune the notch to 2.5

GHz. An LC tank (L4; C4) has been added to the collector ofQ4 to
tune the passband for 1.9-GHz operation. Thus, the frequency response
from the base ofQ2 to the collector ofQ4 will exhibit a passband re-
sponse at 1.9 GHz and a notch at 2.5 GHz. The passband adds gain to
the desired RF signal while the notch suppresses the undesired image.
The cascoded amplifier output is buffered with a pair of emitter fol-
lowers(Q5; Q6) to isolate it from the mixer stage that follows so that
the mixer load does not detune or reduce the gain of the filter response.

The filter has a pair of complex zeros providing a notch in the transfer
function with resonant frequency!z given by

!z =
1

L3 �

(C�3 + C3)Cv
(C�3 + C3) + Cv

(1)

whereCv represents the total capacitive load at the emitter of transistor
Q3.

Thus, based on (1), the designer can first select the value forL3 (in
this application, 3.5 nH) and then adjust the values ofCvar1 andC3 to
obtain the desired resonance (in this design,C3 was 2.5 pF),C7 serves
mainly as a coupling capacitor and can be made relatively large (in this
design, 4 pF). In practice, this frequency centering is done with the help
of an RF simulator using accurate models for the devices involved, as
well as including the parasitic capacitances due to the layout. In the
present receiver,!z is designed to be centered at 2.5 GHz, which is the
frequency of the undesired image.

The depth of the notch is controlled by adjustinggm3 by means of
currentI3. The value ofI3, which complies with the above equation, is
referred to asI3normal and ensures the deepest notch. If the currentI3 is
increased significantly beyond the normal operation value(I3normal),
the circuit can be made to oscillate. It can be shown that the limit is
approximately given by

I3oscill = I3normal

R+ re4

R
(2)

whereR represents the total series losses of the on-chip inductorL3

and the base resistance of transistorQ3. This ensures robustness against
undesired oscillation due to variations in the tuning currentI3. For ex-
ample, for the design implemented here,re4 is approximately 8.6

(3 mA through cascodeQ4), whileR is in the order of 10
 (mainly
due to the series resistance of the 3.5-nH monolithic inductor with aQ

of approximately 5). Thus, the currentI3 would need to be increased
beyond 1.86 times the current under normal operation to start oscilla-
tion. This has been experimentally verified.

C. Design of the VCO

The VCO is a differential implementation of a Colpitts
common-base topology [9]. It uses capacitorsCV 1 and CV 2 in
parallel with the varactors to form a negative resistance feedback loop
to cause oscillation. Output buffers have been added to the circuit to
lower the loading on the VCO by the mixer. The VCO is tuned by
means of theVvco tune control voltage.

The basic operation of the core of the oscillator can be described as
follows. First of all, to ensure that oscillations begins, the following
condition must be satisfied:

rs <
gm

!2
oscCV 1(Cvar2 + CV 2)

(3)

wherers is the equivalent series resistance of the resonator. This equa-
tion sets a lower limit forgm and, hence, the current to start oscillations.
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The frequency of oscillation can be set by choosing the inductor and
tank capacitance to resonate at the desired frequency. The frequency of
oscillation is given by

!osc � 1

LVCO

CV 1(CV 2 + Cvar2) + CV 1C�

CV 1 + CV 2 + Cvar2 + C�

+ C�

: (4)

Having described the basic operation of the oscillator, this circuit must
be carefully optimized if it is to have a high-Q tank and, therefore, low
phase noise. The two major limiting factors that determine the equiv-
alent parallel resistance of the tank are the dynamic emitter resistance
(re) of the transistorsQ15 andQ16 and the equivalent parallel resis-
tance of the on-chip inductors. The addition of emitter degeneration
(RE) is used in an attempt to reduce the effect of the first loss, and
ground-shielded inductors [10] are used in an attempt to increase the
Q of the monolithic inductors. The equivalent parallel resistance of the
tank can be approximated as

1

RTank

=
1

Qind!oscLVCO

+
1

(re +RE) 1 +
CV 2 + Cvar2

CV 1

2

(5)

whereQind is theQ of the inductor,re is the dynamic emitter resis-
tance, andCvar2 is the capacitance of the varactor. Thus, from (5), it
can be seen that makingCV 2 + Cvar2 large andCV 1 small will lead
to a higherRTank and, therefore, a higherQ of the VCO. However,
pushing this ratio too far could reduce the feedback to the point where
the oscillator does not have enough gain to start.

In addition, low-frequency noise present on the terminals of the var-
actor can also be a limiting factor on the performance of the oscillator
[10]. Thus, if the designer is not careful, this source of noise can dom-
inate over other sources of noise in the oscillator. Thus, care was taken
to keep the low-frequency noise on these terminals to a minimum. The
phase noise of the oscillator can be calculated using the following for-
mula [9], [12]:

L(fm) = 10 log
fo

2Qfm

2
FkT

2Ps
1 +

fc
fm

+
1

2

KVCOVm
2fm

2

(6)

whereL(fm) is the phase noise in decibels with respect to the carrier
in a 1-Hz bandwidthfo is the frequency of oscillation in hertz,fm
is the frequency offset from the carrier in hertz,F is the NF of the
transistor amplifier,k is Boltzmann’s constant in joules/kelvin,T is the
temperature in kelvin,Ps is the RF power produced by the oscillator
in watts, andfc is the flicker noise corner frequency in hertz,KVCO is
the gain of the VCO in hertz/volt, andVm is the total amplitude of all
low-frequency noise sources in volts=

p
hertz.

Since the VCO function in this application was to drive a mixer, it
was required to produce sufficient output voltage to adequately drive
the mixer. If the VCO were to produce poor output voltage swing, then
the quad of the mixer would not be fully switched, and this can lead to
a degradation in the receiver NF and conversion gain. From [13], it can
be shown that the output voltage swing of this oscillator can be given
by

Vout � 2Af

CV 1

CV 1 + CV 2 + Cvar2

I15

� 1� CV 1

CV 1 + CV 2 + Cvar2

(RTank;L k Rload) (7)

Fig. 3. Inductor with slotted ground shield used to reduce substrate losses.

Fig. 4. Photomicrograph of the superheterodyne receiver front-end in a
0.5-mm silicon bipolar process.

whereAf is the loss due to the followers,RTank;L is the resistance in
parallel with the tank due to the inductor, andRload is the resistance
presented to the tank by the load. This clearly shows the additional
advantage of higher output voltage if the inductor losses are minimized.

III. I NDUCTORS

Unfortunately, on-chip inductors suffer from very limitedQ’s. This
is due primarily to two factors. First, most bipolar technologies have
high metal resistance even in their top level metal, and this limits the
Q. At higher frequencies, the effective resistance of the inductor is fur-
ther increased because of its proximity to a relatively lossy substrate.
This is because the inductor capacitively couples signals into the sub-
strate and stirs up eddy currents through magnetic coupling. Nothing
can be done about the series resistance without altering the process
[14]; however, the substrate loss can be reduced by placing a slotted
ground-shield underneath the inductor, as shown in Fig. 3 [10]. This



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002 213

Fig. 5. Measurements of a standard and ground-shielded inductor.

essentially replaces a lossy or low-Q capacitor with a much higher
Q capacitor (although a larger one). The choice of layer used in the
process to form the ground shield is also very important. In the tech-
nology used in this study, a layer of polycrystalline silicon that lies just
below the silicon/silicon–dioxide interface was chosen because of its
relatively low resistivity and vertical distance from the top level metal
that forms the inductor.

In order to get the best performance from the inductor, it must be
properly optimized using a simulation tool like ASITIC [15]. There are
also a few helpful rules of thumb that can also be useful in designing
the inductors found in [16]. Since the side of the inductor that contains
the underpass has a slightly lowerQ, it was connected to ac ground
in the oscillator [15]. It should be noted as well that when inductors
are used differentially, they can have much higherQ’s [17] and future
work will use these more optimal structures.

IV. EXPERIMENTAL RESULTS

The complete receiver front-end chip using ground-shielded induc-
tors is shown in Fig. 4. The chip was fabricated in Nortel Networks’
0.5-�m bipolar process with 25-GHzfT . The VCO is shown in the
bottom right-hand-side corner. A second version of the receiver was
also fabricated for comparison that used only standard inductors.

Care was taken to ground the substrate around the VCO in order to
minimize the coupling of the VCO signal to other parts of the receiver.
As well, all differential signals in the circuits were kept as symmetric as
possible to avoid unwanted phase shifts. On the right-hand side of the
chip, the pads labeledLO+ andLO� are included for testing purposes
only. This allows for the direct observation of the VCO output and
provides the ability to measure the output power and phase noise. The
RF input is shown to the left-hand side and the differential IF output
pads are indicated on the top. Numerous ground pads are distributed
all around the periphery to ensure minimum inductance to ground. The
entire receiver occupies a die area of 2.13 mm� 1.75 mm, which made
it possible to use a 20TQFP package for this design.

There were many on-chip inductors designed for use in the receiver.
The inductors used in the design of the VCO are of particular interest
due to their impact on the VCO performance. Test structures used to
compare the relative performance of the ground-shielded to regular
inductors were built. Measurements for the inductor used in the VCO
with and without a ground shield are shown in Fig. 5. Note that the
ground shield gives an improvement inQ of about 30% over the
standard structure; however, the self-resonance of this structure is also
lower. This is due to the increased capacitance because of the presence
of the shield.

Fig. 6. Comparison of VCO phase noise (regular inductors versus
ground-shielded inductors).

TABLE I
COMPARISON OFRECEIVER FRONT-END PERFORMANCE

Care had to be taken when integrating the VCO with the rest of
the circuits. Since the mixer LO input and the VCO output had dif-
ferent dc-bias requirements, a coupling capacitorCC had to be added
in series with the VCO output. Ideally, this capacitor should be large
to minimize the signal loss. However, in practice, making this device
large increases the coupling of the VCO signal into the substrate. As
a compromise,CC was made 3 pF. Signal loss was also minimized
by adjusting the mixer bias network (R22 andR23) so as to provide a
high input impedance (350
), giving the VCO the luxury of driving
an impedance higher than 50
.

The two versions of the 2.2-GHz VCO were biased identically. The
core and buffer of each VCO drew 7 mA of current. The measured
differential output power of the VCO with standard inductors was
�5.3 dBm and the VCO that used ground-shielded inductors produced
�4.3 dBm of output power, measured while driving 50
. However,
when driving the much higher input impedance of the mixer quad (see
Fig. 2), simulations showed that the signal swing was higher and with
sufficient amplitude to drive the quad. The VCOs had a tuning range
of 220 MHz (10%) for 2.3 V of tuning voltage variation.
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Fig. 7. Differential IF output spectrum for the receiver front-end using
standard inductors in the VCO with a�40-dBm RF input at 1.9 GHz.

Fig. 8. Differential IF output spectrum for the receiver front-end using
ground-shielded inductors in the VCO with a�40-dBm RF input at 1.9 GHz.

The improved inductors also had a positive impact on the phase noise
of the VCOs. A plot of the relative phase noise of the two designs is
shown in Fig. 6. The ground shield improved the phase noise by about
3 dB from�100 dBc/Hz at 100-kHz offset for the VCO using standard
inductors to�103 dBc/Hz at 100-kHz offset for the VCO using the
ground-shielded inductors. This phase noise of�103 dBc/Hz is equiva-
lent to�118 dBc/Hz at 600-kHz offset. Simple hand calculations using
(5)–(7) predict almost the same phase-noise variations. They predicted
�5.41- and�4.25-dBm output power and a phase noise of�95.3
and�98.0 dBc/Hz at 100-kHz offset for the nonground-shielded and
ground-shielded versions of the VCO, respectively.

Numerous measurements were also performed on the receivers
themselves. The LNA was input matched using a 3.9-nH off-chip
series inductor.S11 was better than�10 dB for both versions of the
receiver. Table I summarizes the figures-of-merit for the system and
compares them against a previous version of the receiver front-end
with the off-chip VCO producing 0-dBm output power. The IF output
spectrum for both versions of the receiver are shown in Figs. 7 and 8
for a 1.9-GHz RF input power of�40 dBm.

From Table I, it is easy to see that it is advantageous to use ground-
shielded inductors for the VCO. The ground-shielded VCO had better
phase noise, and higher output power, which led to a better NF and
higher gain for the receiver. The only minor penalty (when compared
with the unshielded version) is an increased LO coupling to the other

ports. This is, in part, due to increased LO power and, in part, due to
some leakage from the ground shield through the ground metal that runs
all over the chip. It is important to note here that this LO leakage repre-
sents a worst case, as the entire chip shared common ground metal. Fu-
ture experiments should insure that the VCO has separate ground pins,
further isolating it from the rest of the circuit and further improving
the LO isolation. As well, the coupling capacitors between the VCO
and mixer may have caused some LO signal to leak into the substrate.
However, the isolations are still very good. For example, the LO–IF
isolation is better than the receiver with an off-chip VCO. This is most
likely because off-chip VCOs experience coupling through the bond
wires and packaging. Note that no bond wires were connected to the
LO pins in Fig. 4. These pins were used for preliminary wafer probing
measurements on the VCOs only.

The NF was measured for both versions of the receiver front-end, and
found to be better for the receiver with the ground-shielded VCO. The
NF of the receiver using ground-shielded inductors is identical to the
receiver with an off-chip VCO. The conversion gain of the receiver with
a ground-shielded VCO is lower than for the receiver with an off-chip
VCO due to the lower power generated by the monolithic VCO. How-
ever, it is sufficient for a typical application.

The bias current reported in Table I does not include the current
drawn by the IF output buffers. The buffer in an actual application
would require lower current because the receiver would most likely
drive a high impedance.

V. CONCLUSION

A completely monolithic receiver front-end has been presented in
this paper. The receiver has an on-chip tunable image-reject filter and
VCO. The image filter is guaranteed to be stable under normal op-
eration. Two versions of the VCO were integrated with the receiver
front-end. One VCO used standard square on-chip inductors, while the
other used inductors with ground shields. The use of ground shields re-
duced the phase noise of the VCO by 3 dB. This version of the receiver
has 25.6 dB of conversion gain and a NF of 4.5 dB. Moving the VCO
on-chip also showed that LO–IF isolation was improved by almost
10 dB in both versions. As well, since this design requires no off-chip
components and it occupies a die area of only 2.1 mm� 1.75 mm, it
would be ideal for dual- or triple-band applications where several re-
ceiver front-ends would be integrated on one chip.
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The Summation-by-Parts Algorithm—A New Efficient
Technique for the Rapid Calculation of Certain

Series Arising in Shielded Planar Structures

Juan R. Mosig and A. Alvarez Melcón

Abstract—This paper presents a new technique for the convergence
acceleration of a large class of series often arising in electromagnetic
problems. The technique is based on the recursive application of the
integration-by-parts technique to discrete sequences, thus the given name
of the “summation-by-parts” technique. It is shown that the new technique
greatly enhances the convergence rate of the series treated, and very
small relative errors are obtained by performing a few simple operations.
The new technique is applied to the efficient numerical calculation of the
Green’s functions in a parallel-plate waveguide.

Index Terms—Convergence acceleration, modal expansions, shielded
Green’s functions.

I. INTRODUCTION

In many electromagnetic problems, the relevant physical quantities
(electric and magnetic fields) and associated quantities (potentials) are
expressed in terms of infinite series that are usually very slow conver-
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gent. This is the case, for instance, when analyzing shielded circuits
[1], cavity-backed antennas [2], or microwave devices inside photonic
crystals [3]. In these problems, the need of numerically evaluating in-
finite sums, usually very time-consuming, prevents, in general, the de-
velopment of efficient software codes.

To try to overcome this difficulty, several convergence series accel-
eration techniques have been developed in the past. Detailed and com-
plete survey on series acceleration is available in any modern textbook
(see, e.g., [4]).

As for the application of these general methods to the acceleration of
series arising in electromagnetic problems, a very interesting work can
be found in [5]. In that paper, some results on series acceleration are
given when these techniques are applied to the numerical evaluation
of the free-space periodic Green’s functions, and to the evaluation of
the quasi-static Green’s function term developed within the complex
images representation derived in [6].

Other acceleration techniques employed in the past include the use of
the Poisson’s summation formula together with the Kummer’s transfor-
mation for the evaluation of the shielded Green’s functions [7], [8] and
the Ewald transformation, which was used in [9] for the same purpose.

In spite of all these efforts, the use of these techniques in a reliable
systematic fashion is not straightforward, and some situations and ge-
ometries can be found where the efficiency of the algorithms breaks
down. In this context, this paper describes an alternative algorithm to
accelerate the convergence behavior of certain series often arising in
electromagnetic problems. It is shown in this paper that the new tech-
nique can be applied in a reliable fashion, and greatly accelerates the
convergence rate of the series treated.

II. THEORY

In many microwave circuits involving multilayered planar shielded
configurations, the relevant Green’s functions of the problem can be
formulated in terms of very slow convergent modal series of the form

S1 =

1

n=0

~Gnfn (1)

where ~Gn represents the spectral-domain Green’s function of the
problem, which it is a slow varying function, andfn, which is a
highly oscillatory (typically sinusoidal) function. In this section, we
will present the mathematical transformations leading to the new
formulation for the convergence acceleration of the series whose
general form is shown in (1).

To start, we first define partial sums and reminders of the original
series as follows:

SN�1 =

N�1

n=0

~Gn fn

RN =

1

n=N

~Gn fn

S1 =SN�1 +RN (2)

and since the partial sumsSN�1 are bounded, the attention must be
focused in the efficient evaluation of the infinite remainderRN . To do
so, we apply simple algebraic manipulations to the remainderRN in
(2), allowing us to rewrite it as

RN

=

1

n=N

~Gn fn = ~GN

1

n=N

fn+

1

n=N

~Gn+1 � ~Gn

1

k=n+1

fk :

(3)
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