High Performance Millimeter-Wave
Image Reject Low-Noise Amplifier
Using Inter-stage Tunable Resonators

A Q-band pHEMT image-rejection low-noise amplifier (IR-
LNA) is presented using inter-stage tunable resonators. The
inter-stage L-C resonators can maximize an image rejection by
functioning as inter-stage matching circuits at an operating
frequency (Fop) and short circuits at an image frequency (Fyw).
In addition, it also brings more wideband image rejection than
conventional notch filters. Moreover, tunable varactors in L-C
resonators not only compensate for the mismatch of an image
frequency induced by the process variation or model error but
can also change the image frequency according to a required
RF frequency. The implemented pHEMT IR-LNA shows
54.3 dB maximum image rejection ratio (IRR). By changing
the varactor bias, the image frequency shifts from 27 GHz to
37 GHz with over 40 dB IRR, a 19.1 dB to 17.6 dB peak gain,
and 3.2 dB to 4.3 dB noise figure. To the best of the authors’
knowledge, it shows the highest IRR and Fy/Fop oOf the
reported millimeter/quasi-millimeter wave IR-LNAs.

Keywords: Q-band, image reject low-noise amplifier, IR-
LNA, L-C resonators, varactor, image rejection ratio, IRR.

1. Introduction

The image problem is a typical problem of the
superheterodyne system, which has been widely accepted in
today’s wireless applications. While the superheterodyne
system has many advantages, such as respectable selectivity,
sensitivity, and robustness, it inevitably requires image reject
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techniques [1], [2]. With each passing day, various millimeter-
wave applications emerge in wireless areas; the image rejection
in millimeter-wave systems becomes an increasingly more
important aspect in providing a higher quality of service than
ever before. Although the use of image reject filters in low-
noise amplifiers (LNA) is a typical image rejection technique,
it is difficult to implement very sharp band-pass filters for
image rejection ratios over 20 dB in the millimeter-wave range.
Therefore, Hartley and dual-intermediate frequency (IF)
architecture, have been popularly adopted in receivers with
millimeter-wave RF and low-IF frequencies (or, high Fy/Fop)
[31H7]. However, they increase overall system complexity and
DC power consumption—resulting from two-way mixers and
extra-bulky IF couplers. Recently, image-reject-filtered LNAs
are reported in not only microwave ranges but also in
millimeter-wave or quasi-millimeter-wave ranges, as shown in
Fig. 1[3], [8]. Still, [3] needs the support of dual-IF architecture.
Reference [8] is successfully implemented in the quasi-
millimeter-wave frequency having over 50 dB IRR and high
Fim/Fop (0.79), but it results in noise figure degradation by
more than 1 dB due to use of the feedback notch circuit in the

RF signal (35 GHz to 43 GHz)

{LNA + BPF |
i | RF

IF Amp
—>IF signal (3 GHz to 4 GHz)

Mixer

(this work)

LO generator

Fig. 1. Block diagram of superheterodyne receiver architecture.
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first stage of LNA. Moreover, frequency shifting, induced from
process variation and model error, imposes difficulty on
sufficient image suppression at the required frequency. In this
work, millimeter-wave image reject LNAs with high IRR-
frequency tunable functions that have little noise figure
degradation and high Fy/Fop are developed using inter-stage
tunable resonators.

I1. Inter-stage Tunable Resonators

Figure 2 shows a conventional notch filter and a series L-C
resonator the input impedance of the latter changing less
rapidly than the former according to the frequency. This is
helpful in obtaining more wideband and higher image rejection
characteristics. Although it can bring higher loss at the Fop
(here it is 35 GHz), this problem can be overcome by the fact
that it can contribute to inter-stage matching as a common
source structure at the Fop. Figure 3 represents Y-parameter
analysis for inter-stage matching. To simplify the analysis, we
assume that the resonator consists of an ideal inductor and an
ideal capacitor in series. A transistor can be modeled with
intrinsic parameters while maintaining its size, as it was in the
LNA. A gate-drain capacitance (Cgy) can be omitted, because it
has only a minor effect on the inter-stage matching. Unless
there are any other components at the inter-stage, usually the
imaginary part of Y| (imag(Y\)) and Y (imag(YR)) are positive,
as shown in (1), (2)
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However, by inserting an L-C resonator, the imag(Yg) can
reach a negative value by the first term added, because of the
resonator’s dependency upon frequency. It means that inter-
stage matching is possible at a frequency whereby the imag(Y))
is equal to —imag(Yg). Thus, an LNA with a series L-C
resonator can achieve almost the same gain as an LNA with a
conventional notch filter at the Fop retaining higher and more
wideband rejection at the Fyy range. Figure 4 shows the
schematic of the proposed image-reject low-noise amplifier.
Inter-stage series resonators consist of inductors and varactors.
Narrow and curved micro-strip lines are implemented as
inductors. Varactors act as tunable capacitors in the resonators.
Because they can change the resonating frequency depending
on external biases, they can compensate for the mismatch of an
image frequency induced from process variation and model
error. In addition, it is possible to select an image frequency
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Fig. 2. Image rejection filters used in IR LNA: (a) conventional
notch filter and (b) series resonator.
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Fig. 3. Inter-stage matching analysis using simplified inter-stage
resonator and small signal pHEMT equivalent circuit
(intrinsic (Y, (or Ygr): Y parameter looking toward an M,
(or M) transistor)).
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Fig. 4. Schematic of proposed IR LNA.

according to a required RF frequency. It means that with a
single chip, practical use is possible for various applications
inside the RF band. In this work, our target frequencies are
35 GHz and 43 GHz RF frequencies having 3 GHz to 4 GHz
IF frequencies. As shown in Fig. 5, with the insertion of inter-
stage resonators, LNAs result in not only short termination at
an image frequency (27 GHz) but also inter-stage matching at
an operating frequency (35 GHz) in both the first-second stage
and second-third stage. This simulation result verifies our
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Fig. 5. Shifted trace of inter-stage matching circle before and
after inserting inter-stage tunable resonators ((a): 1-2

stage and (b): 2-3 stage).
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Fig. 6. Simulated IRR and noise figure of IR LNAs according to
line length and varactor size (line width = 10 pum (fixed),
resonating frequency = 27 GHz, and operating frequency
=35 GHz).

analysis, because it shows that the drastic change of the
imaginary part of R.S1 and R.S2 at 35 GHz has a positive
impact on inter-stage matching. The length of inductive lines
and the size of varactors are the key parameters in designing
the inter-stage tunable resonator. The optimum value is one that
maximizes IRR and minimizes noise figure. Thus, the required
trade-off between these specifications in determining line
length and varactor size is as shown in Fig. 6. In this work,
250 um line length and 4 % 40 um (=160 pm) varactors are
selected through careful simulation and analysis.

III. Measurements

The circuit has been fabricated using a commercial 0.15 um
GaAs pHEMT MMIC process with an fr of 85 GHz and an
fuax of 190 GHz. The chip size is 2.0 mm x 1.0 mm, as shown
in Fig. 7. The measured scattering parameters (S-parameters)
of the IR LNA show reasonable agreement with the simulated
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Fig. 7. Chip photo of proposed IR LNA.
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Fig. 8. Measured and simulated S-parameters of IR LNA
(measurement: Vo, =—0.8 V, Vg= 1.5V, Vegy = 2.1 V,
and simulation: V,=—0.8 V, V4=1.5V, Vo = 1.0 V).

results in Fig. 8. But the optimum varactor bias for the
resonating image frequency (27 GHz) shifted from 1.0 V to
2.1 V. This result means that the bias-tuned varactor
successfully compensates the mismatch induced from model
error or process variation at high frequency.

The proposed IR LNA obtains 19.1 dB peak gain, 13 GHz
gain bandwidth, and 52.2 dB IRR (when the image frequency
is 27 GHz and the operating frequency is 35 GHz). If it is
applied to a superheterodyne receiver, it can obtain 48 dB to
52 dB IRR within 1 GHz RF bandwidth, and over 20 dB IRR
in 2 GHz to 9 GHz IF frequencies. The dotted line in Fig. 8
shows the simulated S21 when the inter-stages consist of only a
single inductor (L) instead of L-C resonators. It means that L-C
resonators play the role of matching circuits at the operating
frequency and resonance circuits at the image frequency.
Figure 9 represents the shifting of resonating frequency while
sweeping the bias voltages of the varactor from 2.1 Vto—1.8 V.
As expected from the analysis, the proposed IR LNA makes it
possible to adjust image frequency so that it can obtain the
optimum IRR from 27 GHz to 37 GHz according to a wanted
RF frequency. When V= 2.1 V, it achieves 52.2 dB IRR
(For = 35 GHz and Fy = 27 GHz) and 17.9 dB gain. When
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Fig. 9. Measured S21 of IR LNA vs. varactor bias.

Table 1. Comparison of millimeter wave/quasi-millimeter wave

LNAs
For | Fm | Gain | NF | Fm/ | IRR
Ref. Tech.
i ~ (GHz) | (GH2)| (B) | (dB) | Fop | (dB)
SiGe BICMOS
3] | 62 | 45 | 20 | 50 |073| 30
0.13 um
SiGe BICMOS
g | T 272 | 216 | 14 | 89 | 079508
0.18 um
InAs/Alsb
OF | yoer. 436 - (28| 21 | - | -
[10] [sorcmos 9ommp26 - 42| - | 119 pe-42 - | -
InGaAs pHEMT
[1] 1 29-43 - | 142]2-33| - | -
0.15 um
This | InGaAs pHEMT | 35.5 | 275 | 192 | 34 | 077 | 543
work 0.15 pm 43 | 37 | 174 | 43 | 086|405

Veort=—1.8 V, it achieves 40.5 dB IRR (Fop = 43 GHz and Fyy
=37 GHz) and 17.4 dB gain. Although it is not shown, input-
and output-return loss also meet the requirement of below
—10 dB at each operating frequency according to varactor bias.
The variation of noise figure at the operating frequency is also
measured when the varactor changes. If the resonating
frequency shifts close to the operating frequency, gain starts to
degrade in the operating frequency due to insertion loss from
the inter-stage resonators. The loss plays the critical role to
degrade noise figure. Table 1 summarizes the reported
millimeter wave/quasi-millimeter wave IR LNAs or 30 GHz to
40 GHz LNAs. To the best of the authors’ knowledge, it shows
the highest IRR and Fy/Fop of the reported millimeter/quasi-
millimeter wave IR LNAs with competent noise performance.

IV. Conclusion
A high performance pHEMT image reject LNA is

demonstrated using inter-stage resonators. By positioning
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resonators in inter-stage, both inter-stage matching at an
operating frequency and resonance at an image frequency,
contribute to maximizing IRR. A tunable structure that uses
varactors in the resonator successfully compensates the
mismatched IRR at high frequency. Moreover, it makes it
possible to utilize a single LNA in multi-standard
superheterodyne applications that require high IRR. Finally,
over 40 dB IRR is achieved having high Fyy/Fop and moderate
noise figure at both 35 GHz and 43 GHz from the proposed IR
LNA.
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