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A 7.27 GHz �-Enhanced Low Noise Amplifier
RFIC With 70 dB Image Rejection Ratio

Desheng Ma, Student Member, IEEE, and Fa Foster Dai, Fellow, IEEE

Abstract—This letter presents a low noise amplifier (LNA)
RFIC with notch filter implemented in a 0.13 m SiGe BiCMOS
technology. The LNA/filter combination utilizes �-enhanced
techniques to achieve a high gain and high image rejection ratio
(IRR) simultaneously. The amplifier operates at 7.27 GHz and
achieves 22.5 dB gain with an IIR of 70 dB. The measured noise
figure and IIP3 of the LNA are better than 5.1 dB and �� ���,
respectively. The LNA dissipates 21 mW power with a 1.7 V
supply.

Index Terms—BiCMOS technology, image rejection ratio (IRR),
low noise amplifier (LNA), notch filter, �-enhanced.

I. INTRODUCTION

I N modern integrated wireless and radar receiver designs,
super-heterodyne architecture is one of the most commonly

used front-end architectures, since it is capable of providing
high performance. However, the image problem has to be care-
fully addressed for this type of receivers. Since each wireless
standard only imposes constraints upon the interested signal, the
power of image signals or interferers may be much higher than
that of the desired signal, as shown in Fig. 1. In addition, for
radar applications that experience large jamming signals close to
the desired signal, a bandpass filter is usually needed before the
LNA to remove those unwanted signals. Due to the low quality
factor of on chip inductor, pre-filtering is generally done using
an external passive filter. These external filters are bulky and
expensive, and often with large loss. To remove these external
components, some of recent researches have focused on the de-
velopment of monolithic image rejection (IR) using notch filters
[1], [2]. In this technique, a notch located at image frequency
is used to reject image signals rather than bandpass filtering.
Unfortunately, the notch filter depth is always limited by the
low of on-chip inductors that it is hard to meet the system
requirements for image rejection ratio (IRR). Therefore, -en-
hancement technique was developed to provide high IRR with
on-chip inductors [3], [4]. However, in previous works, -en-
hanced technique only performed either at load filter or image
filter. The replacement of both pre-select filter and image filter
can not be achieved simultaneously.

In this letter, a combination design of the LNA and the notch
filter (IR-LNA) with -enhanced technique is presented. -en-
hancement technique is applied to both load tank and notch filter
to boost the gain and notch filter depth simultaneously. The pro-
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Fig. 1. Problems of image signals and interferences existing in a super-hetero-
dyne receiver.

posed image rejection LNA is optimized for super-heterodyne
applications operating at 7.27 GHz with image signal located
at 10.96 GHz. With the use of the on-chip inductor, the image
rejection LNA can achieve the power gain larger than 22.5 dB,
noise figure (NF) lower than 5.1 dB and the IRR larger than
70 dB without any external components. Measured linearity
results show of the input-referred third-order inter-
cept point (IIP3) and dB input-referred 1 dB compression
point. The circuits dissipate a dc current of 12 mA with a supply
voltage of 1.7 V. The proposed LNA is a good candidate for
the digital radar transceiver that experiences large jamming and
image signals.

II. -ENHANCED LNA AND FILTER DESIGNS

The basic idea of -enhancement technique is to utilize the
negative cell to compensate the loss of the LC tank and then
boost the in the lossy tank. The proposed LNA provides notch
effect in a conventional cascode structure with -enhancement
technique applied to both load tank and notch filter, as shown
in Fig. 2. In the proposed approach, a notch filter is applied to
the collector of the driving transistors Q1 and Q2. The notch
filtering is realized by capacitors and inductor . This LC
circuit resonates at the image frequency and therefore presents
very low impedance to the collectors of differential driving tran-
sistors. Since the load and the notch filter are in parallel, most of
the ac current is steered away from the load path at the image fre-
quency and thus dramatically reduces the gain at that frequency.
Unfortunately, there are losses associated with the LC resonator,
which greatly affects the notch depth. So does the load band
pass filter. Thus, two negative cells were applied to the load
inductor and notch filter inductor separately, which can
compensate the losses of the resonator and thus boost the . The
negative cell is formed by a pair of transistors in cross-cou-
pled configuration. The values of the negative transconductance
are designed to be adjustable by means of the control currents

.and respectively. In this design, two input induc-
tors and differential inductor are used to provide simul-
taneous power and noise matching at the operation frequency.
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Fig. 2. Simplified schematic of �-enhanced LNA/filter.

Emitter follower Q5 and Q6 form the output buffer to drive next
stage. In the implementation of the LNA, the emitter lengths
of input transistors Q1 and Q2 are chosen as 18 m. And the
bias currents for the input transistors are approximately 3.2 mA
each. The widths of transistors M1, M2, M3 and M4, which
form two negative cells, are 40 m/0.12 m. The control
current is approximately 360 A while the is ap-
proximately 860 A.

III. STABILITY ANALYSIS

The stability issue is always a concern for filter design. The-
oretical analysis is derived to examine the margin between cur-
rents for boosting and oscillating. Taking notch filter as an
example, negative resistance is tuned to be equal to the res-
onator losses, which is dominated by the loss of the inductor.
Then the losses can be compensated and a perfect notch filter is
then achieved [4]. Once the negative resistance cancels all resis-
tance around it, then the circuit will start oscillating. The ratio
between oscillation current and -enhanced current for the pro-
posed LNA is derived as:

(1)

where represents the equivalent parallel loss of the notch
resonator and is the thermal voltage.

Referring to (1), there is still a safe margin for the tuning cur-
rents between -enhancement and oscillation. Similar deriva-
tion for the -enhancement technique can be performed at the
load resonator. Thus, both load and notch resonators can be
safely tuned to a much higher without causing oscillation.

IV. NOISE ANALYSIS

Using a -enhanced LNA to replace the discrete pre-select
band pass filter, LNA and image rejection filter, noise perfor-
mance needs to be carefully evaluated.

The voltage gain of the amplifier is given by

(2)

where is the half-circuit transconductance of the driving
transistors while represents the equivalent parallel loss re-
sistance of the load resonator, which is enhanced by the nega-
tive cell.

For simplicity, only three major noise sources are considered
in our derivation: base shot noise, collector shot noise and the
thermal noise from base resistance of the driving transistors Q1
and Q2. The noise due to the notch filter is neglected in the
analysis. Since the notch filter only significantly affects the gain
at the image frequency. In another word, it degrades the signal
to noise ratio and therefore the noise figure only at the image
frequency and doesn’t contribute much to the in-band noise.

The following equations present the differential output noise
contributed by the source resistance , the base resistance ,
collector current , base current and the output current from
the negative cell, respectively

(3)

(4)

(5)

(6)

(7)

In (6), is the impedance seen from the input of driving
transistor. In (7), it assumes that the noise produced by the load
resonator is dominated by the collector shot noise in the case of
negative applied to the resonator.

Then the overall output noise can be expressed as

(8)

Substituting (3) – (7) into (8), and then dividing by the source
noise yields the noise factor of the proposed -enhanced
LNA as

(9)

In comparison to a stand-alone LNA, the noise factor of the
LNA/filter circuit increases slightly due to the -enhanced
technology, as shown by the last term of (9). However, it is
still acceptable in comparison to conventional three stages RF
front-end architecture.

V. EXPERIMENTAL RESULTS

In this design, a center-tapped symmetrical spiral inductor is
used. This geometry provides symmetrical inductors in a single
coil. With the differential inductor, the layout becomes more
symmetrical and compact in comparison to the two inductors
configuration. In order to reduce substrate loss, a ground shield
in the deep trench is formed underneath the inductor. The
ground shield also helps isolating the noise from the substrate.

The wideband LNA was implemented in a commercially-
available 0.13 m 200 GHz SiGe HBT BiCMOS technology.
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Fig. 3. Measured ����� of the proposed LNA/filter.

Fig. 4. Measured ����� of the proposed LNA/filter.

The LNA characteristics were measured on wafer. The mea-
sured total DC power consumption is 21 mW with 1.7 V voltage
supply. -parameters are tested to verify the gain and input
matching. As shown in Fig. 3, the at operating frequency
7.27 GHz is 22.58 dB with 3 dB bandwidth of 120 MHz. Fig. 3
also shows a good attenuation of dB at the image fre-
quency 10.96 GHz. Thus, 70 dB IRR is achieved in the pro-
posed LNA/filter design without any external components. The
measured input reflection coefficient is shown in Fig. 4. Al-
though there is a slight shift for the input matching, it is still
well-matched to be less than dB at the operation frequency
of 7.27 GHz. Measured noise figure of the proposed LNA with
notch filter is 5.1 dB at 7.27 GHz. This noise figure is still small
compared to total NF obtained using the traditional three stages
architecture, as shown in Fig. 2. Two tone measurements are
performed at operation frequency to measure the linearity of
the IR-LNA. Two tones were applied with equal power levels at
7.265 and 7.27 GHz. The output power against the input power
for both fundamental signals and third order products are shown
in Fig. 5. The measured results indicate IIP3 and

input compression point (P1 dB). The performance
of the proposed IR-LNA is summarized in Table I and compared
with the state-of-art LNA designs with notch filters. The die
photograph of the proposed LNA is shown in Fig. 6. As shown,
the total chip area is 1 mm and the core size is only 0.3 mm .

VI. CONCLUSION

The prototype design described in this letter implements a
-enhanced 7.27 GHz LNA with high image rejection notch

filter in a 0.13 m SiGe BiCMOS process. With the help of
-enhanced technology, the LNA provides good gain of 22 dB

Fig. 5. Measured IIP3 of the proposed LNA/filter.

Fig. 6. Die micrograph of the proposed LNA/filter.

TABLE I
PERFORMANCE COMPARISON WITH PUBLISHED LNA

and an excellent IRR of 70 dB without any external components.
The proposed LNA RFIC is suitable for the wireless and radar
applications where high degrees of integration and high image
rejection are desirable.
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