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Abstract: Low-noise, ultra-wideband (UWB) wireless receiver front-end circuits were presented in this study. A two-stage common-source
low-noise amplifier with wideband input impedance matching network, an active-balun and a double-balanced down-conversion mixer were
adopted in the UWB wireless receiver front-end. The proposed wireless receiver front-end circuits were implemented in 0.18 μm radio-
frequency-CMOS process. The maximum down-conversion power gain of the front-end is 25.8 dB; minimum single-sideband noise figure
of the front-end is 4.9 dB over complete UWB band ranging from 3.1 to 10.6 GHz. Power consumption including buffers is 39.2 mW.
1 Introduction

The ultra-wideband (UWB) system frequency spectrum is allocated
in the frequency ranging from 3.168 to 10.650 GHz. There are 6
band groups, and 14 band channels are defined in the frequency
spectrum. Band Group 1–Band Group 4 and Band Group 6 are
with three band channels. Band Group 5 is with two band channels.
The UWB system adopts the orthogonal frequency-division multi-
plexing digital modulation. In the UWB receiver system, the
minimum receiver sensitivity is −80.8, −70.4 and −63.5 dBm
for 53.3, 480 and 1024 Mb/s data rate, respectively. The transmitted
spectral mask for indoor applications is −41.3 dBm/Hz power
spectrum density (PSD).
The receivers and front-ends in papers [1–5] adopted one

single-balanced low-noise amplifier (LNA), and at least one single-
balanced down-conversion mixer. The pros are lower power
consumption, easy implementation and smaller silicon area. The
cons are higher noise figure (NF), and high even-order harmonics.
The receivers and front-ends in papers [6–8] adopted one differen-
tial LNA, and at least one double-balanced down-conversion mixer.
The pros are lower NF and low even-order harmonics. The cons are
higher power consumption, and a complicated and larger silicon
area. In this paper, one single-balanced LNA is adopted to save
the power consumption. The active-balun is adopted to convert
the single-balanced signals to double-balanced signals with small
area and with low power consumption. The double-balanced down-
conversion mixer is adopted to compress the even-order harmonics
in the receiver system (Table 1). In paper [9], the UWB down-
conversion mixer is designed as passive mixer. The receiver sensi-
tivity is not good while adopting the passive mixers. In paper [10],
the UWB down-conversion mixer is designed as distributed mixer.
The distributed mixer consumes much more power than other types
of mixers. In papers [1–5, 11], the UWB down-conversion mixers
are designed as single-balanced Gilbert mixer.
2 Circuit design

2.1 UWB receiver front-end design

Low-intermediate (IF) wireless receiver architecture is adopted in
our UWB receiver front-end. The IF band frequency is from 0 Hz
to 528 MHz. Low-noise and high conversion gain are important
to zero-IF wireless receiver and low-IF wireless receiver. In
Fig. 1, the LNA and down-conversion mixer are implemented on
chip, and the local oscillator (LO) is external. The block diagram
of the proposed UWB receiver front-end is shown in Fig. 2. The
first stage of the UWB receiver front-end circuits is a wideband
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matching network for 3.1–10.6 GHz, and the input return loss is
lower than −10 dB. The second stage is the LNA. The noise per-
formance of the LNA determines the receiver sensitivity, so the
low-noise characteristic is an important design consideration for
the LNA. High power gain is also an important characteristic of
the low-IF receiver. In this UWB receiver front-end circuit, the
LNA power gain is designed as 15 dB. The third stage is an active-
balun which converts the single-balanced signals to double-
balanced signals. The fourth stage is a Gm stage which provides
additional gain for the received signals before the signals enter
the switching stage. The fifth stage is the switching stage, which
converts the radio-frequency (RF) signals into the IF signals. In
this UWB receiver front-end circuit, the down-conversion mixer
provides 10 dB power gain. A LO with dual phase is adopted as
a part of mixing signals. The loading of switching stage provides
IF gain for the receiver chain. The sixth stage is the buffer stage,
which is designed for 50 Ω output impedance. The gain contribu-
tion of the UWB receiver front-end circuits is shown in Fig. 3.
From 3.1 to 10.6 GHz, the LNA provides 15 dB power gain and
the mixer provides 10 dB power gain. A total power gain of the
front-end circuits is 25 dB.
2.2 Wideband LNA circuit design

The most important characteristics of the UWB LNA are gain flat-
ness and high power gain, low-noise contribution and wide band-
width. The basic topologies of the single-stage metal–oxide
semiconductor field effect transistor (MOSFET) amplifier are
common-drain stage, common-gate stage and common-source
stage. The maximum gain of the common-drain stage is close to 1,
so it is not a good candidate to design the gain stage of the amplifier.
The common-gate stage has high gain for the amplifier, but the
noise is high. The common-source stage has high gain and low-
noise characteristic. That is the reason why common-source ampli-
fier is widely used in LNA designs [2, 4, 5, 8, 12–16]. The topology
of conventional LNA is a single-stage amplifier with parallel in-
ductor and capacitor (LC) tank. However, this topology can only
provide a limited bandwidth. A two-stage low-noise amplifier
with wideband input impedance matching network is shown in
Fig. 4. The two-stage common-source amplifier could achieve
wide bandwidth, high gain and flat gain [17–20]. The first-stage
amplifier is composed of a MOSFET transistor ML1

, a source-
degeneration inductor Ls and a load inductor LL1 . The second-stage
amplifier comprises a MOSFET transistor ML2

and a load
inductor LL2 .
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Table 1 Performance comparison

References 3 dB BW, GHz Conversion gain, dB NF, dB S11, dB IIP3, dBm Current, mA Power, mW Tech.

[1] JSSC’05 3.1–8.2 51.9–52 3.3–3.4 <− 9 −7.5 22 59.4 0.18 μm SiGe
[2] JSSC’05 3.1–4.8 34–37 6.5–8.4 <− 11 N/A 10 15 0.13 μm CMOS
[3] JSSC’05 3.1–4.8 <59 < 4.5 <− 9 −6 20 50 0.25 μm SiGe
[4] TCASII’10a 3.1–10.6 19.5–21.7 3–3.8 <− 11 −9.6 9 10.8 65 nm CMOS
[5] EL’11a 3–9 31–32.6 3.2–6.5 <− 9.4 N/A 10.8 19.4 0.18 μm CMOS
[6] JSSC’07a 3.1–8 15–18 5.2–6.6 N/A −5.6 19.5 44.9 0.18 μm CMOS
[7] JSSC’09 3.1–8 <42 6.5–8.3 <− 13 −12 24 43.2 0.18 μm CMOS
[8] JSSC’08 3.4–10.3 <38 5–10 <− 8.5 N/A 11 27.5 0.25 μm SiGe
[12] JSSC’06a 3–10 29–39 3.3–5 <− 5 N/A 29.8 53.7 0.18 μm SiGe
this worka 3–11.5 22.8–25.8 4.9–6.9 <− 8.9 −26 21.8 39.2 0.18 μm CMOS

aReceiver front-end.

Fig. 1 UWB transceiver architecture

Fig. 2 Double-balanced UWB receiver front-end

Fig. 4 Two-stage cascade low-noise amplifier with wideband input imped-
ance matching network

Fig. 3 Gain combination

Fig. 5 Superposition of the LNA power gain
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Rb is a biasing resistor andC1 andCdc areDC blockers. The source
follower ML3

is designed for inter-stage impedance matching and
inter-stage isolation. In Fig. 5, the first-stage amplifier provides the
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Fig. 6 Small-signal model of the input stage
low-frequency gain of the UWB receiver system, and the second-
stage amplifier provides the high-frequency gain. The resonated
centre frequency of the first-stage amplifier is designed at 3.5 GHz,
and the resonated centre frequency of the second-stage amplifier is
designed at 10 GHz. The overall gain of the UWB LNA follows
the superposition theorem, so the bandwidth is extended as shown
in Fig. 5. In conventional LNA circuit design, transistorML1

, induct-
or Ls and inductor Lg have 50 Ω impedance at one resonated fre-
quency. However, the bandwidth is not wide enough for UWB
system [21–23]. A shunt inductor L1 provides another resonated fre-
quency. Therefore, the bandwidth of the input impedance matching
can be extended to several gigahertz [24–30]. The input matching
network includes inductors L1, Lg, Ls and transistorML1

. The induc-
tances of Lg, Ls and LL1 at 3.5 GHz are 1.45, 0.21 and 5.87 nH. The
inductances of L1 and LL2 at 10 GHz are 2.19 and 1.29 nH. The
Q-factors of Lg, Ls and LL1 at 3.5 GHz are 9, 7.4 and 7. The
Q-factors of L1 and LL2 at 10 GHz are 9.5 and 11.7.
The input impedance of the UWB LNA Zin1 and Zin2 are shown in

Fig. 4 and the small-signal model is shown in Fig. 6. According to
the small-signal model, the input impedance Zin1 is expressed in (1)
and the input impedance Zin2 is expressed in (2), where gm1

is the
trans-conductance of the transistor ML1

and Cgs1
is the gate–

source parasitic capacitor of the transistor ML1
. From (1), the reso-

nated frequency can be derived as vr = 1/
��������
LgCgs1

√
, which deter-

mines one input impedance matching frequency of the UWB LNA

Zin1 (s) = sLg +
1

sCgs1

+ gm1
Cgs1

LS ≃ sLg +
1

sCgs1

+ vTLS (1)

In (2), sCL1
is the parasitic capacitor of the inductor L1. From (2),

assuming sL1 is neglected, a resonated frequency
vr2 = 1/

���������������
(L1 + Lg)Cgs1

√
can be obtained which determines

another input impedance matching frequency of the UWB LNA.
If the above two resonated frequencies are carefully designed, the
Fig. 7 Noise equivalent circuits of the LNA
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bandwidth of input impedance matching will be extended to
several gigahertz

Zin2 (s) = sL1 ||
1

sCL1

( )
|| sLg +

1

sCgs1

+ gm1
Cgs1

LS

( )

≃ sL1 ·
s2(LgCgs1

)+ sLsCgs1vT + 1

s2(LgCgs1
+ L1Cgs1

)+ sLsCgs1
vT + 1

(2)

The voltage gain of the single-stage common-source amplifier is
expressed in (3), where ro1 is the output impedance of transistors
ML1

, CL1
is the parasitic capacitor of the inductor LL1 and RL1

is
the parasitic series resistance of the inductor LL1

AV1(s) = −gm1
ro1||sLL1 + RL1

|| 1

sCL1

( )

≃ −gm1
· sLL1 + RL1

s2LL1CL1
+ sRL1

CL1
+ 1

(3)

In the proposed UWB LNA, the overall voltage gain that includes
two common-source amplifiers and one source follower is
expressed in (4)

AV−LNA(s) = −gm1
ro1||sLL1 + RL1

|| 1

sCL1

( )[ ]

· −gm2
ro1||sLL2 + RL2

|| 1

sCL2

( )[ ]
· 1

gm5
+ gmb5

= gm1
gm2

gm5

· sLL1 + RL1

s2LL1CL1
+ sRL1

CL1
+ 1

· sLL2 + RL2

s2LL2CL2
+ sRL2

CL2
+ 1

≃ gm1
gm2

gm5

· (sLL1 + RL1
)(sLL2 + RL2

)

s4N1N2 + s2(N1 + N2)+ 1

(4)

where ro2 is the output impedance of transistorML2
, CL2

is the para-
sitic capacitor of the inductor LL2 , RL2

is the parasitic series resist-
ance of the inductor LL2 , N1 = CL1

· LL1 and N2 = CL2
· LL2 . The
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)

3



Fig. 8 Active-balun circuit
noise equivalent circuits are shown in Fig. 7. The voltage noise
sources Vn,Rs, Vn, rL1

and Vn, rLg are from the source resistor Rs,
the parasitic series resistance from inductor L1 and the parasitic
series resistance from inductor Lg. The current noise sources
InML1

, InML2
, In, rLL1

and In, rLL2
are from the current noise of the

MOSFET and the parasitic parallel resistance of the inductors
LL1 and LL2 . The noise contribution of the parasitic resistance of
the inductor Ls is very small. The total output noise V 2

n1,out of the
first-stage common-source amplifier is expressed in (5). The total
output noise V 2

n2,out of the second-stage common-source amplifier
is expressed in (6)

V 2
n1,out = 4KTRSA

2
1+ 4KTrL1A

2
1+ 4KTrgA

2
1+ (I2n, rLL1

+ I2nML1
) ·R2

out

(5)

V 2
n2, out = 4KTRSA

2
2 + (I2n, rLL1

+ I2nML1
) · R2

out (6)

where K is the Boltzmann constant and T is the absolute tempera-
ture. A1 is the voltage gain of the first-stage common-source ampli-
fier and A2 is the voltage gain of the second-stage common-source
amplifier. Rout is the equivalent output impedance of the amplifier.
α1 and α2 are the short-channel factors for the current noise. gmML1
and gmML2

are the transconductances of the MOSFET transistorML1
and ML2

, respectively. The drain current noise of ML1
and ML2

can

be expressed as I2nML1
= 4a1KTgmML1

and I2nML2
= 4a2KTgmML2

,
respectively.

The noise factor of the first-stage common-source amplifier is
expressed in (7)

F1 =
V 2
n1, out

4KTRSA
2
1

(7)

The noise factor of the second-stage common-source amplifier is
expressed in (8)

F2 =
V 2
n2, out

4KTRSA
2
2

(8)

The calculated total noise factor of the low-noise amplifier is
expressed in (9)

FTotal = 1+ (rg + rL1 )

RS

+ 1

rL1
+ a1gmML1

( )
· 1

gmML1
RS

+
1+ a2rL2gmML2

A1rL2gmML2
RS

(9)

2.3 Active-balun and double-balanced down-conversion mixer
circuit design

In this paper, an active-balun and double-balanced mixer are
adopted in the down-conversion mixer design (Fig. 8). In the
third stage of the receiver front-end circuits, the active-balun
converts the single-balanced signals to double-balanced signals.
M3 is a common-gate amplifier with the load resistor R2. M4 is a
common-source amplifier with the load resistor R3. R1 is the
biasing resistor and Cdc is the DC blocker. The single-balanced
signals come from the LNA and go into the source of the M3 tran-
sistor and the gate of the M4 transistor. Assume the phase of the
signals from the LNA is 0°. The signals separate into two paths,
one is the common-gate amplifier and the other is the common-
source amplifier. In one path, the input of the common-gate ampli-
fier is from the source of the transistor M3 and the output is to the
drain of the transistor M3. The phase of the signals is unchanged,
from 0 to 0°. In the other path, the input of the common-source
This is an open access article published by the IET under the Creative
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amplifier is from gate of the transistor M4 and the output is to the
drain of the transistor M4. The phase of the signals is changed
from 0 to 180°. The two paths signals are comprised of the differ-
ential signals. The gains of the two amplifiers can be optimised to
be the same. The gain difference is < 0.3 dB. The phase differences
of the common-gate amplifier and the common-source are <3°. To
save the power consumption, the power gain of the active-balun is
3 dB.

The double-balanced down-conversion mixer is adopted in the
UWB receiver front-end circuits. The advantages of the double-
balanced down-conversion mixer are low power consumption,
low input-referred noise and low even-harmonics [6–9, 31–34].
In this paper, the UWB receiver is a low-IF system and the LO feed-
through problem can be solved by the following low-pass filter. The
transistors M5, M6, M7, M8 and the resistor R4 comprise the current
mirror for the constant current source. The transistors M9 and M10

comprise the differential Gm stage of the down-conversion mixer.
The transistors M11, M12, M13 and M14 comprise the switching
stage of the down-conversion mixer. The transistors M15, M16 and
the resistor RL comprise the loading of the down-conversion
mixer. Rb is a biasing resistor and Cdc is a DC blocker. The first
stage of the down-conversion mixer is the Gm stage, which is
common-source transistors M9 and M10. The Gm stage contributes
additional gain for the received signals. The second stage of the
down-conversion mixer is the switching stage, which is the transis-
tors M11, M12, M13 and M14. In the switching stage, differential LO
signal comes in the gate of the transistor pairs M11, M14 and M12,
M13; and the RF signal comes in the source of the transistors.
The mixing IF signals are at the drain of the switching transistors.
When the RF signal is vRF cos ωRFt and LO signal is vLO cos
ωLOt, the cross-mixing signals are expressed in (10)

vcorss = cvRFvLO[ cos (vRF − vLO)t + cos (vRF + vLO)t] (10)

The IF signals are the frequency subtraction of RF frequency and
LO frequency. The loading of the switching stage is the active load
with common-mode feedback. The diode connected transistors
M15 and M16 extended the frequency bandwidth, and the resistor
RL stabilises the close loop. The fifth stage of the receiver
front-end circuits is the buffer stage, which is the transistors M17

and M18. To fit the measurement system impedance matching,
Commons J Eng 2014
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Fig. 9 ESD diodes
a ESD diodes for I/O pads
b ESD diodes for external VDD pad
c ESD diodes for external Vbias pads

Fig. 11 Diagram and photograph of measurement setup
the output impedance of the buffers was designed to be 50 Ω,
which consumes most power in the UWB receiver front-end. In
wireless receiver, low-noise amplifier exposes to the electrostatic
discharge (ESD), directly. The high-voltage static electricity
from human body might destroy the transistors and paralyse the
entire chip. In the proposed UWB receiver front-end circuits, the
ESD protection is considered. The basic types of the ESD
diodes are shown in Fig. 9. In Fig. 9a, the parallel p-type diode
Dp and n-type diode Dn in the signal path are for the input–
output (I/O) pads. In Fig. 9b and 9c, the parallel n-type diodes
Dn are for the external voltage VDD, Vbias.
The proposed UWB wireless receiver front-end circuits are

shown in Fig. 10. The bias voltage of the two-stage common-source
amplifiers is 0.7 V. The current consumption of first stage LNA is
3.9 mA, the current of second stage LNA is 2.7 mA and the
current of the buffer stage is 2.3 mA. A total current consumption
of the UWB LNA is 8.9 mA. The bias voltage of the Gm stage tran-
sistor is 0.7 V. The bias voltage of the switching stage is 0.9 V. The
current of the active-balun is 2.3 mA, the current of mixer core is
4.6 mA and the current of buffer stage is 6 mA. The total current
of the double-balanced down-conversion mixer is 10.6 mA. The
VDD of the UWB low-noise amplifier, active-balun and double-
balanced down-conversion mixer is 1.8 V. The total DC current
of the UWB wireless receiver front-end circuits, including LNA,
active-balun, down-conversion mixer and output buffers is
21.8 mA. The total DC current consumption of the UWB wireless
receiver front-end circuits without buffers is 13.5 mA.

2.4 Measurement consideration

The proposed UWB receiver front-end circuits were designed for on
wafer test. The diagram of the measurement setup is shown in
Fig. 11. On the probe station, there are four contact probes to
probe the device under test. On left-hand side, the RF signals
Fig. 10 Proposed UWB wireless receiver front-end
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were generated from an external vector signal generator (VSG) as
the received wireless signals, and the signals were transmitted
through a microwave coaxial cable to a ground–signal–ground
(GSG) microwave contact probe. The GSG microwave probe con-
nected the single-balanced RF signals to the RF input of the UWB
receiver front-end. On the right-hand side, the other external VSG
was adopted as the LO. However, most of the instruments do not
have a double-balanced system. Therefore, a passive-balun was
adopted to convert the single-balanced signal from the VSG to
double-balanced LO signals. The single-balanced LO signals
were generated from the VSG and transmitted through the micro-
wave coaxial cable to the passive-balun. Then the single-balanced
LO signals were converted to double-balanced LO signals and
transmitted through two microwave coaxial cables to a GSG–
signal–ground (GSGSG) microwave contact probe. The GSGSG
microwave probe connected the double-balanced LO signals to
the LO input of the UWB receiver front-end. On the bottom side,
the vector spectrum analyser (VSA) was adopted to analyse the
down-conversion IF signals. In a similar way to the LO, a passive-
balun was adopted to convert the double-balanced output IF signals
to single-balanced IF signals. The GSGSG microwave probe con-
nected the UWB receiver front-end double-balanced output IF
signals to two microwave coaxial cables and transmitted to the
balun. The double-balanced IF signals were converted to single-
balanced IF signals and transmitted through the microwave
coaxial cable to the VSA. On the upper side, a six pins
(PGPPGP) DC probe was used to connect the power supplies.
There are four individual power supplies that can be used in this
DC probe. In the UWB receiver front-end, a universal VDD, and
two voltage biasing Vbias1, Vbias2 were used.
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)

5



Fig. 12 Micro-photography of the UWB receiver front-end

Fig. 14 Measurement results of the input return loss (S11)

Fig. 15 Measurement results of the output return loss (S22)

Fig. 13 Input LO power against output IF power

Fig. 16 Measurement results of the down-conversion power gain (CG)
3 Experimental results

Fig. 12 is the micro-photograph of the proposed UWB receiver
front-end circuit, where the chip size including all pads and
dummy is 1.28 mm × 0.81 mm [1.04 mm2]. The red dash line indi-
cates the area of the single-balanced LNA and the blue solid line
indicates the area of the active-balun and the double-balanced down-
conversion mixer. The experimental results of the receiver front-end
circuit are shown in Figs. 14–19. The proposed UWB receiver
This is an open access article published by the IET under the Creative
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front-end circuits were implemented in Taiwan semiconductor
manufacturing company 0.18 μm RF-CMOS 1P6M process. The
supply voltage is 1.8 V. The total DC current, including LNA,
active-balun, mixer and output buffers is 21.8 mA and the power
consumption is 39.2 mW. In Fig. 13, the input LO frequency is
5.808 GHz, and the maximum conversion gain occurs at the input
LO power which is −2 dBm. Therefore, the external LO power is
designed as −2 dBm. The frequency spectrum of all UWB bands
is from 3.168 to 10.560 GHz. In Fig. 14, the input return loss (S11)
is lower than −8.9 dB over 3.1–10.6 GHz. The channel bandwidth
of UWB is 528 MHz, and the transceiver IF is designed from DC to
528 MHz. In Fig. 15, the output return loss (S22) is lower than −6.6
dB from DC to 528 MHz. In Fig. 16, the maximum down-
conversion power gain (CG) of the front-end is 25.8 dB at 10 GHz
and −3 dB frequency range is from 3 to 11.5 GHz. The minimum
single-sideband NF is 4.9 dB at 9.6 GHz and the single-sideband
NF is <6.9 dB over 3.1–10.6 GHz, as shown in Fig. 17. In
Fig. 18, the input 1 dB compression point (P1 dB) of the front-end
is larger than −26 dBm. The maximum input P1 dB is −18 dBm.
Fig. 19 shows the isolations of the front-end circuit. The isolations
of LO-IF, LO-RF andRF-IF are −39, −56 and −22 dB, respectively.
Fig. 19 shows the band-group #3, the two-tone frequencies are 7128 and
7138 MHz; the LO frequency is 7392 MHz; and the IIP3 is −19 dBm.
The performance comparison with the state-of-the-art papers is shown
in Table 1.
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Fig. 18 Input 1 dB compression point (P1 dB)

Fig. 19 Input IIP3 of 7128 and 7138 MHz

Fig. 17 Measurement results of the down-conversion NF
4 Conclusions

Low-noise, UWB wireless receiver front-end circuits were pro-
posed in this paper. A two-stage common-source LNA with
J Eng 2014
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wideband input impedance matching network, active-balun and a
double-balanced down-conversion mixer were presented. The wire-
less receiver front-end circuits were implemented in a 0.18 μm
RF-CMOS process. The maximum down-conversion power gain
of the front-end is 25.8 dB and the minimum single-sideband NF
of the front-end is 4.9 dB over the 3.1–10.6 GHz. Power consump-
tion including buffers is 39.2 mW.
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