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Design of Wideband LNAs Using Parallel-to-Series
Resonant Matching Network Between

Common-Gate and Common-Source Stages
Yu-Tsung Lo, Student Member, IEEE, and Jean-Fu Kiang, Senior Member, IEEE

Abstract—A method is proposed to design wideband low-noise
amplifiers (LNAs) made of cascaded common-gate (CG) and
common-source (CS) stages with a parallel-to-series resonant
interstage matching network. The first CG stage has a dual-band
response, and the second CS stage has higher gain between these
two bands. By applying the proposed interstage matching tech-
nique, conjugate matching is achieved at high and low bands, while
the midband loss is compensated by the second stage. The output
network of the first stage and the input network of the second stage
resonate at the same frequency. Two wideband LNAs are designed
based on this method and implemented in 0.18- m RF-mixed
signal CMOS process. The first LNA operates at 3.1–10.3 GHz,
having 9.6–12.71 dB of power gain and 2.5–3.9 dB of noise figure
(NF) at the power consumption of 13.4 mW. The second LNA
operates at 14.3–29.3 GHz, having 8.25 1.65 dB of power gain
and 4.3–5.8 dB of NF at the power consumption of 13.9 mW.

Index Terms—Common gate (CG), common source (CS), low-
noise amplifier (LNA), matching network, parallel series, ultra-
wideband (UWB).

I. INTRODUCTION

U LTRA-WIDEBAND (UWB) radio has become a popular
subject since the Federal Communications Commis-

sion (FCC) released the 3.1–10.6-GHz frequency band for
unlicensed operations [1]. UWB applications in other fre-
quency bands have also been studied, including the 22–29-GHz
band for UWB radar and the 10–66-GHz band for wireless
metropolitan area network (WMAN) [2].

Impedance and noise matching over a wide band is the most
challenging task to design a wideband low-noise amplifier
(LNA), which is crucial to an UWB system. The bandwidth of
conventional amplifiers is limited by the parasitics in transistors
and impedance-matching techniques [3]. In [4], an ladder
filter has been placed at the input of a common-source (CS)
amplifier, but the insertion loss of the filter degrades the noise
figure (NF). In [5], another inter-stage network is added to
increase the power gain, but the NF is 6 dB around 10 GHz. The
high NF in these designs is attributed to the ladder filter.
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By applying a higher gate voltage to a smaller transistor,
the input parasitic capacitance can be reduced while the
transconductance is maintained. Hence, a wider bandwidth can
be achieved under the same noise level. However, the power
consumption is increased and the bandwidth enhancement is
still limited [3].

Distributed amplifiers (DAs) have been used to increase the
bandwidth. However, they often consume more power, take
larger chip size, and usually have higher NF. For example,
the DA presented in [6] has a gain of 10 dB, NF of 3.8–6.9,
and consumes 7 mW, but the chip size is 1.85 0.85 mm . A
smaller chip of 0.87 0.5 mm has been designed by making
use of the mutual coupling among inductors, but it consumes
26 mW of dc power [7].

A negative feedback technique can be used to design wide-
band amplifiers by trading the gain for bandwidth, while pre-
serving the noise and stability performance [8]. In [9], a dual
reactive feedback mechanism is adopted to a CS amplifier to
achieve a broadband noise and impedance matching. Both a
two-stage reactive feedback and current-reuse technique have
been applied to design a wideband amplifier with good perfor-
mance in NF, gain, and impedance matching [10]. In [11], both
resistive feedback and inductive peaking technique have been
used to achieve 3.7–4.7 dB of NF over 3.1–10.6 GHz.

The common-gate (CG) configuration is known for its wide-
band input matching [12]. However, a single-stage CG ampli-
fier may not have enough gain, and cascading additional stages
may reduce the bandwidth due to the difficulties of inter-stage
matching. In [13], coupled resonators have been used to con-
struct a wideband interstage matching network in a -band cas-
caded CS amplifier. A wideband LNA operating in 23–32 GHz
has also been proposed [14], in which coupled resonators are
used as the load of the common-emitter stage.

In this work, an effective inter-stage matching technique
is proposed to design wideband LNAs made of cascaded CG
and CS stages. Two LNAs in 3–10 and 14–29 GHz, respec-
tively, have been implemented to verify this method. The CG
topology and the inter-stage matching network are discussed in
Sections II and III, respectively, two LNA designs in different
UWB bands are presented in Section IV, the measurement
results are discussed in Section V, and these are followed by
conclusions in Section VI.

II. CG LNA TOPOLOGIES

Although the poor gain response makes the CG topology less
popular for narrowband applications, it is often adopted in the
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Fig. 1. (a) Typical CG LNA. (b) CG stage in cascade with CS stage.

wideband amplifier design since its input impedance over a wide
band is about ( is the effective transconductance,
equal to for simple CG stage), which is close to 50 , but its
noise factor is proportional to .

Fig. 1(a) shows a single CG stage, which has good perfor-
mance over 3–10 GHz [15]. At higher frequencies, cascaded
stages may be needed to provide sufficient gain.

Fig. 1(b) shows a cascaded CG and CS LNA. In a typical de-
sign approach, let the CG amplifier at the first stage have higher
gain at lower band, and the gain at higher band is provided by
the CS amplifier at the second stage [12], [16]. Since the noise
increases rapidly at frequencies higher than the resonant fre-
quency of the CS stage, and the first stage provides little gain
at higher frequencies, the CG and CS cascaded amplifier often
suffers from worse noise performance at higher frequencies. Be-
sides, the mismatch between the load impedance of the CG stage
and the input impedance of the CS stage results in ripples in the
passband [11], [17].

Fig. 2 shows the schematic and response of a CG stage, a
CS stage, and a cascaded CG-CS LNA with a parallel-to-series
matching network, which is proposed to improve the perfor-
mance of the cascaded CG-CS LNA. In this design approach,
dual-band response is achieved at the first stage, which is dif-
ferent from that of a standalone CG stage shown in Fig. 2(a).
The response of the second stage in the middle band compen-
sates for that of the first stage. Thus, the cascaded LNA has a
wideband performance. Also, the NF at higher frequencies is
reduced due to the higher gain response of the first stage.

III. PARALLEL-TO-SERIES MATCHING TECHNIQUE

Fig. 3(a) shows a typical parallel-to-series network in a band-
pass filter design. By selecting the value of inductors and capac-
itors to make the parallel network and series network
resonate at the same frequency, i.e., , bandpass
response can then be achieved as shown in Fig. 3(b).

Fig. 3(c) shows the frequency response when the source
impedance and load impedance are not equal to 50 . In
this case, the parallel-to-series matching network exhibits a
dual-band response with a dip in the middle.

Fig. 4 shows the impedances of an ideal parallel and series
networks. Conjugate matching is achieved at the low and

high frequencies, while the middle band suffers from impedance
mismatch because the output resistance of the parallel
tank is much higher than that of the series tank. This

Fig. 2. Schematic and frequency response of: (a) CG stage, (b) CS stage,
(c) cascaded CG, and CS stages with parallel-series matching network.

Fig. 3. Parallel-to-series��� network. (a) Schematic. (b) Frequency response
with � � � � �� �. (c) Frequency response with � � ��� �, � �

�� �, � � ������ pF, � � ��	 nH, � � ���	 pF, � � ����� nH.

phenomenon implies that the source and load impedances dif-
ferent from 50 may be explored for inter-stage matching in
the two-stage LNA.
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Fig. 4. Impedances of the parallel and series��� networks shown in Fig. 3(a).

Next, we will prove that two such conjugate matching points
always exist if: 1) the parallel and the series tanks resonate at the
same frequency and 2) the output resistance of the parallel
tank is larger than the input resistance of the series tank.

For the parallel network consisting of , , and , as
shown in Fig. 3(a), the impedance can be expressed as

(1)

Let

(2)

where , the sign applies when while
the sign applies when .

The impedance of the series matching network, as shown
in Fig. 3(a), can be expressed as

(3)

Let

(4)

where , the sign applies when while
the sign applies when . Note that both the parallel and
series networks are designed to resonate at the same frequency,

.
In case , substitute (2) into (1), and substitute (4) into

(3) to obtain

(5)

(6)

By imposing and at , we have

or (7)

(8)

which imply

(9)

(10)

By substituting the definitions of in (2) and in (4) into
(10), we have

(11)

In case , (1) and (3) are reduced to

(12)

(13)

By imposing and at , we obtain
the same equations as (7) and (8). Thus, (11) also applies when

.
The frequency of conjugate matching, , can be expressed

in terms of and by solving (2) and (4), respectively, to
have

(14)

(15)

These two expressions are equal if (10) and (11) are satisfied.
Similarly, the frequency of conjugate matching, , can be

expressed in terms of and by solving (2) and (4), respec-
tively, to have

(16)

(17)

Both expressions are equal if (10) and (11) are satisfied.
In summary, we have proven that when the parallel and the

series networks resonate at the same frequency, and
, conjugate matching can be achieved at

and if (11) is satisfied.
When applying the proposed parallel-to-series inter-stage

matching technique to design wideband LNAs, one should bear
in mind that: 1) the response in Fig. 3(c) has dual bands, the
input impedance should be designed close to 50 and 2) the
gain drop in the middle band should be compensated for.

Adopting a CG stage as the first stage resolves the input
matching issue due to its low input impedance. Wideband gain
response can be obtained by choosing a CS stage as the second
stage, and letting it operate at the resonant frequency of the
inter-stage matching network.

Fig. 5 shows the small-signal circuit model of a CG stage
cascaded with a CS stage via the proposed parallel-to-series
matching network. The resistance is the equivalent output
resistance, including the channel resistance , is the load
inductance , and is the gate–drain parasitic capacitance

. The dip of frequency response of the first stage is expected
to be compensated for by the CS stage with inductive degener-
ation, of which the input impedance can be expressed as [18]

(18)
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Fig. 5. Small-signal circuit model of a CG stage cascaded with a CS stage via the proposed parallel-to-series matching network.

Fig. 6. LNA design in 3–10-GHz band with parallel-to-series matching tech-
nique, the component values are derived at 6 GHz.

As a result, the input port toward the CS stage behaves like a
series network. Note that the input resistance of this CS
stage depends on the reactive components and .

IV. CIRCUIT DESIGN AND ANALYSIS

Figs. 6 and 7 show two LNA designs in 3–10- and 14–29-GHz
bands, respectively, using the parallel-to-series matching tech-
nique.

A. Input Matching

The input impedance of a CG stage is approximately equal
to [19]. The effect of the source inductance and para-
sitic capacitance at the gate–source junction has been consid-
ered in [12] and [15], but the loading effect is neglected. How-
ever, input matching becomes more dependent on the loading
as the gate length gets narrower [20]. It will be shown later that

Fig. 7. LNA design in 14–29-GHz band with parallel-to-series matching tech-
nique, the component values are derived at 22 GHz.

two frequencies with zero input reactance can be observed with
a proper parallel-to-series inter-stage matching technique.

Based on the small-signal model shown in Fig. 5, the input
impedance of the LNA can be derived as

(19)

where , , and are the drain–source resistance,
transconductance, and gate–source capacitance, respectively,
of , is the inductance at the source of , and is the
load impedance looking from the drain of . The transistor

is made of transistors and in parallel, each having
47 fingers, and each finger is 1.5- m wide. The dc blocking
capacitor plays a minor role in input matching.

In the 3–10-GHz LNA, the parallel tank consisting of
and resonates around 6 GHz, and provides a wide-

band response. Its insertion loss is less than 0.9 dB from 2.5 to
10.6 GHz. In the 14–29-GHz LNA, the parallel tank res-
onates around 22 GHz, and also provides a wideband response
with insertion loss less than 1 dB from 13 to 30 GHz.
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Fig. 8. Simulated impedance� of the parallel��� tank and� of the series
��� tank for the 3–10-GHz LNA, - � -: � , - - -:� , —: � , � � �:� .

The noise factor can be modified from [15] and [17] as

(20)

where is the loss due to the input passive components,
is the resistance of signal source, is the available power gain
of the CG amplifier, and is the noise factor of the following
stage. The parameters associated with transistor include the
frequency of unity current gain , the coefficient of channel
thermal noise , the ratio of the transconductance , and the
channel conductance at zero drain-to-source bias and the
gate noise coefficient . The transconductance is selected
by tradeoff between the input matching in (19) and the NF in
(20), respectively.

For the 3–10-GHz LNA, the transistor has the width of
141 m and is biased at V, thus S,
higher than 0.032 S used in [17]. Higher value helps to re-
duce the NF. The input impedance solely due to is approx-
imately 20 , The loading of will contribute part of the
input resistance as indicated in (19). For the 14–29-GHz LNA,
the transistor is designed to have S, biased at

V, with the total width of 88 m.
Fig. 8 shows the simulated inter-stage impedances. The

output impedance of the first stage, , resonates at 6.15 GHz.
The CS stage forms a series matching network, also resonating
at 6.15 GHz. The condition is satisfied at 3.7
and 10 GHz, one below and one above the resonant frequency
of 6.15 GHz. At 6.15 GHz, the output resistance of the first
stage mismatches with the input resistance of the second stage,
making the power gain of the first stage drop and display a
dual-band response. However, in the design of the 14–39-GHz
LNA, is not quite constant, as shown in Fig. 9. Since the
inductance increases at higher frequencies, which increases
the input resistance of the CS stage as in (18). As a conse-
quence, the frequency with is separate from that with

in the higher band; hence, the gain is degraded due
to imperfect conjugate matching.

As shown in Figs. 9 and 10, seen from the drain of
is purely resistive at the lower conjugate-matching frequency of
14 GHz, and the input impedance shown in Fig. 11 is purely

Fig. 9. Simulated impedance� of the parallel��� tank and� of the series
��� tank for the 14–30-GHz LNA, - � -: � , - - -:� , —: � , � � �:� .

Fig. 10. Simulated load impedance � at the drain of the first stage in the
14–29-GHz LNA. � � �: � , —: � .

Fig. 11. Input impedance of the 14–29-GHz LNA, � � �: simulated � , - � -:
calculated � , - - -: simulated � , —: calculated � .

resistive at 12.5 GHz, At the higher band, although exact con-
jugate matching is not reached, the reactance is still low.
A frequency with almost pure input resistance still exists in the
higher band.

B. Wideband Gain

Fig. 12 shows the simulated gains of two separate stages and
the cascaded LNA operating in the 3–10-GHz band. The second
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Fig. 12. Simulated gains of the 3–10-GHz LNA, � � �: first stage, - - -: second
stage, —: cascaded LNA.

Fig. 13. Simulated voltage gains of the 14–29-GHz LNA, - - -: first stage, � � �:
second stage, —: cascaded LNA.

stage compensates the low gain of the first stage around 6 GHz
so that the overall gain shows a wideband response. Note that
when the CG stage stands alone, it exhibits low gain over a wide-
band. The dual-band gain response appears when the CG stage
is connected to the CS stage via the parallel-to-series matching
network.

Fig. 13 shows the simulated gains of two separate stages and
the cascaded LNA operating in the 14–29-GHz band. The gain
in the higher band of the first stage is smaller due to the im-
perfect conjugate matching, as mentioned in Section IV-A. The
lower gain in the midband of the first stage is compensated for
by the second stage.

C. Noise Reduction

The input transconductance and the available power gain
of the CG stage have the most profound effect on the overall

noise factor. By selecting the value of to be higher than
20 mS, low noise factor can be obtained, as predicted by (20).
On the other hand, the CG stage exhibits a dual-band response,
and the higher noise factor of the CS stage at frequencies
below and above the resonant frequency can be substantially
suppressed. As a result, fair noise factor is achieved over the
whole wideband due to the proper choice of , as well as the
dual-band characteristics of the CG stage.

Fig. 14. Simulated NF with and without a source-body resistor, —: with � ,
- - -: without � .

The transistor is implemented as two transistors in par-
allel. Thus, more fingers are available to reduce the effective
gate resistance [21]. Also note that this approach may reduce
if the finger width is smaller than 1 m [22]. Both the source and
body of each transistor are connected with a resistor of high re-
sistance; hence, the substrate current noise referred to the drain
node is reduced [23]. It has also been reported that the NF is re-
duced by 0.58 dB with body floating [23]. Fig. 14 shows that the
simulated NF of the proposed LNA with a source-body resistor
is lower than that without one by 0.5 dB across the frequency
band.

Since no resistive load is connected to the CG stage, as com-
pared to [12], [15], and [20], the thermal noise from such resis-
tive load is spared. The gate and drain of in both designs are
biased at the same voltage, sharing the bypass capacitors. Re-
call that is part of the output resonant tank of the first stage.
This inductive load is critical in wideband matching and noise
reduction.

D. Summary of Design Procedure

Step 1) Adjust the source inductance to resonate with the
gate–source parasitic capacitance of transistor

at the center of the band.
Step 2) Select higher transconductance such that

is smaller than 50 to reduce the noise. The resis-
tance contributed by the second stage will improve
the matching.

Step 3) Design a narrowband CS stage with series to res-
onate with around the center of the frequency
band.

Step 4) Adjust of the CG amplifier to resonate with the
parasitic gate–drain capacitance at the reso-
nant frequency .

Step 5) Design the second stage with proper gain and input
matching at the resonant frequency. Choose proper
degeneration inductance to calculate . Smaller

leads to a wider band, while larger leads to a
narrower band. Substitute into
to calculate , Impose the condition
to update .
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Fig. 15. Photograph of the 3–10-GHz LNA chip.

Fig. 16. Photograph of the 14–29-GHz LNA chip.

Since is the parasitic capacitance of , the magnitude of
is adjusted by changing the size of , which also affects the

magnitude of . The bias voltage may be adjusted to main-
tain the same . Hence, input matching and proper gain are
simultaneously achieved over a wide band.

V. RESULTS AND DISCUSSIONS

Figs. 15 and 16 show photographs of the 3–10-GHz LNA chip
and the 14–29-GHz LNA chip, respectively. Both are fabricated
using the TSMC 0.18- m RF mixed-signal 1P6M process. The
chip size of the former is 0.83 m 0.82 m, and that of the
latter is 0.83 m 0.65 m, including testing pads in both cases.

When measuring the 3–10-GHz LNA chip, the RF ports are
probed, and the dc is fed through bond wires [24]. Fig. 17 shows
the measured , which is above 9.6 dB from 3.1 to 10.3 GHz.
Fig. 18 shows the input reflection coefficient, which is lower
than 9 dB across the entire band. Fig. 19 shows the NF, which
is between 2.5–3.9 dB from 3.1 to 10.3 GHz. The parameters
are measured with an Agilent PNA N5230A with short-open-
load-thru (SOLT) calibration. The power consumption is 13.4
mW.

The ouput reflection coefficient is lower than 8 dB
across the band. If the LNA is directly connected to a mixer
as in a direct-conversion receiver, the LNA output is not re-
quired to match to 50 . and are measured at each

Fig. 17. Gain of the 3–10-GHz LNA, —: measured, � � �: simulated.

Fig. 18. Input reflection coefficient of the 3–10-GHz LNA, —: measured, � � �:
simulated.

Fig. 19. NF of the 3–10-GHz LNA, - � -: measured, —: simulated.

subband group of the multiband orthogonal frequency-division
multiplexing (MB-OFDM) UWB specification. ranges
from 12.5 to 10 dBm from group 1 (center at 3960 MHz)
to group 5 (center at 10 296 MHz). The ranges from 3
to 1 dBm with a two-tone spacing of 4 MHz, considering the
channel spacing of MB-OFDM UWB is 4.125 MHz. Fig. 20
shows that at 3960 MHz is 2 dBm.

For the 14–29-GHz LNA chip, on-wafer measurement is
conducted with both dc and RF probes. The -parameters are
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Fig. 20. Measured ��� of the 3–10-GHz LNA at 3960 MHz.

Fig. 21. Gain of the 14–29-GHz LNA, —: measured, � � �: simulated.

Fig. 22. Input reflection coefficient of the 14–29-GHz LNA, —: measured, � � �:
simulated.

measured with an Agilent PNA E8361A with SOLT calibra-
tion. Fig. 21 shows the gain of 8.25 1.65 dB. Fig. 22 shows
that the input reflection coefficient is below 8.6 dB between
14–29 GHz, and below 10 dB between 14.5–29 GHz. The
loci of are also shown in the Smith chart, as in Fig. 23.

Fig. 24 shows that the measured NF between 4.3–5.8 dB
across the band. The noise is measured with an Agilent N8975A.
The calibration is done twice during the measurement, one
below 26.5 GHz with the noise meter only, and the other above

Fig. 23. Loci of � in the Smith chart. (a) 3–10-GHz LNA. (b) 14–29-GHz
LNA, black curve: measured, gray curve: simulated.

Fig. 24. NF of the 14–29-GHz LNA, - � -: measured, —: simulated.

Fig. 25. Measured ��� of the 14–29-GHz LNA at 24 GHz.

26.5 GHz with the noise meter and a K40 down-converter.
The measured NF is 4.32 at 26.4 GHz and 4.68 at 26.6 GHz,
indicating consistency between these two different calibrations.
The total dc power consumption is 13.9 mW, the input is

12 dBm at 24 GHz, and the is 2 dBm at 24 GHz, as
shown in Fig. 25.

Table I compares the performance of the 3–10-GHz UWB
LNA with those in the recent literature. This design shows good
noise performace, as well as moderate gain and matching per-
fomance. Table II compares the 14–29-GHz LNA with those
found in the recent literature. This design also shows excellent
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TABLE I
MEASURED PERFORMANCE OF THE 3–10-GHz LNA AND COMPARISON WITH THE LITERATURE

exclude buffer, exclude pad, from 4 to 8 GHz, #: group delay, ##: only the variation is reported, � worse case

TABLE II
MEASURED PERFORMANCE OF THE 14–29-GHz LNA AND COMPARISON WITH THE LITERATURE

at 24 GHz, voltage gain, active area, at 20 GHz, #: group delay

noise performance, as well as moderate gain and matching per-
fomance at a low dc power consumption.

VI. CONCLUSIONS

A design technique has been proposed for wideband LNAs
using a parallel-to-series resonant matching network between
CG and CS stages. Two conjugate-matching frequencies be-
come available by equalizing the resonant frequencies of the
two networks. The CG stage behaves as a dual-band

amplifier, while the CS stage compensates for the midband
gain. The CG stage also provides a wideband input matching,
and the inter-stage matching network also contributes to the
input resistance. Wideband characteristics can be achieved by
properly choosing these two conjugate-matching frequencies.
Two LNA chips have been designed and fabricated based on
this design technique. The first one operates in 3.1–10.3 GHz,
having 9.6–12.71 dB of power gain and 2.5–3.9 dB of NF, at
the power consumption of 13.4 mW. The second one operates
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in 14.3–29.3 GHz, having 8.25 1.65 dB of power gain and
4.3–5.8 dB of NF, at the power consumption of 13.9 mW.
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