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Low Power CMOS RF Receiver Front-End Design for

Ultra-wideband Wireless Applications

Student: Chang-Ching Wu AdvisorsDr. Kuei-Ann Wen

Degree Program of Electrical Engineering Computéeri:e

National Chiao Tung University

ABSTRACT

This thesis presents a low-power. design of @ directersion CMOS RF receiver front-end
for ultra-wideband (UWB) wireless applications. To achiédw& power consumption and
wide operating bandwidth, the proposed LNA employing staggend technique consists of
two stacked common-source stages with different resenainequencies. A circuit

implementation in 0.18m CMOS process shows a 2.4-9.4-GHz bandwidth. The aewlifi
provides a maximum forward gain (S21) of 9.7 dB while drawingnV8 from a 1.8-V

supply. A noise figure as low as 4.17 dB and an IIP3 of —3.5 loBra been measured. In this
thesis, design optimization for the power-constrainegked amplifiers in wide bandwidth
applications is also presented. The novel topologywfdower UWB LNA is applied to the

RF front-end design for the UWB direct conversiorereer. In the RF front-end, a wideband

passive mixer is designed for the purpose of low powde flicker noise and high linearity



after the LNA. A baseband amplifier biased at ground levdesigned with consideration of
low noise for compensating the gain loss of the passis@rmand consequently help
improving overall noise performance of the receiver. UWeB receiver front-end referenced
to the band group #1 of the Multi-Band OFDM with operatieguency range 3-5 GHz
demonstrates low noise figure, low power, high gain, aide Wwandwidth. It is also verified

by a RF/Baseband co-simulation.
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Chapter 1

Introduction

Recently, the Federal Communications Commission (F@CWS approved the use of
ultra-wideband (UWB) technology for commercial appiwas in the 3.1-10.6 GHz [1].
UWB performs excellently for short-range high-speed usssch as automotive
collision-detection systems, through-wall imaging systeamd high-speed indoor networking,
and plays an increasingly important role in‘wirelessll@area network (WLAN) applications.
This technology will be potentially a necessity in outydéfie, from wireless USB to wireless
connection between DVD player and TV, and the expexthbbe market attracts various
industries. The IEEE 802.15.3a task group (TG3a) is currently amgla UWB standard
from the proposals submitted by different companies. Ihasy left with two primary
proposals, Multi-Band OFDM and Direct Sequence UWB. Téwlyunlicensed UWB opens
doors to wireless high-speed communications and has beémgxoemendous academic

research interest.

1.1 Motivation

The IEEE802.15.3a task group set targets of low power ogtgan and low cost. The

complementary metal-oxide semiconductor (CMOS) teduyis the best candidate to make



it since the physical layer implemented in CMOS preagssumes less power than others
and can be easily integrated with existing MAC layer enmpnted in CMOS technology and
consequently lowers cost much [2]. The research goahisfthesis is to implement a
low-power receiver front-end in the low-cost CMOS hiemlogy for wireless UWB
applications. As a consequence, a low noise amplifiattia-wide bandwidth and succeeding
mixers are required to cover all the frequency of egerand the low-power consumption is

one of the key points.

1.2 Organization

The organization of this thesis is overviewed as folloBlsapter 2 gives some basic concept
in RF receiver design. Chapter 3:deals with ultra-widebawdnbise amplifier (UWB LNA)
design. A novel topology with low power feature is prega. Chapter 4 demonstrates the
application of the proposed LNAuin the UWB system wwérification by RF/Baseband
co-simulation. The low power UWB-LNA is-implemented0.18:m CMOS technology and
performs excellent in measurement results in Chaptdih&.LNA is further modified and
integrated with down-conversion mixers to constitute a BJWeceiver front-end to
specifically fit the requirements of Band Group #1 of Mie-OFDM proposal in Chapter 6.

Chapter 7 concludes with a summary of contributions agdesstions for future work.



Chapter 2

Basic Concepts in RF Receiver Design

This chapter presents some basic concepts in RF Recghien are fundamental of the
following chapters. Beginning with introduction to noisect®n 2.1 describes noise sources
in MOSFET. In section 2.2, linearity issues are disalisgecluding intermodulation and

compression point. Section 2.3 gives a general introduaitowt noise amplifiers.

2.1 Noisein MOSEFET

The sensitivity of a receiver systemiis limited by eol/ell-understanding of noise source in
RF circuits is important in component design and systeshitecture plan. The noise sources
of interest about CMOS RF circuit design include trermoise and flicker noise. A

simplified noise model is built as in Figure 1 [3], and

i2, = 4KT)g, Af + %Af (2-1)

2 _ —
Vg =4KT Af 1 =

g

(2-2)

Jao

where @o is the drain-source conductance at zegg. he parametery is one at zero s,

and, in long channel device, decreases towardr2&aturation. In deep-submicron CMOS
processy increases by a large factor. Equation (2-1) regmtssthe drain noise where the first

term at right side is the thermal drain noise drdgecond is the flicker noise which is

-3-
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source

Figure 1. MOS noise model.

frequency-dependent. Equation (2-2) shows the thkegate noise in the form of voltage
source that is frequency-independent. The two themmise sources are correlated with a

correlation coefficient defined as

g Oog

ng

(2 2
Ing |:[|nd . (2_3)

C

2.2 Nonlinearity

Small-signal gain is normally used.to evaluate ‘RR€uds. However, nonlinearity of circuits
may cause signal distortion when power level ineegaor strong interferers are adjacent to
the input signals. Gain compression and intermdauiaare important indices of nonlinearity
for the design in the RF circuits and systems. leadinpression point is often used to
represent the gain compression feature. As illtedran Figure 2, when the input power
increases to some level, the nonlinearity of thieudi cause apparent slow-down of output
power growth. When the actual output power leveld8 below the linear value, the 1-dB
compression point is herein defined.

On the other hand, signals affected by intermodwiabf the strong adjacent interferers in
circuits or systems are characterized by the paemef f-order interception point (IPn).
Third-other interception point (IP3) is often useadhe performance evaluation as illustrated

in Figure 3. In a two-tone test, as the fundameetah of the output signal increases, the

-4-
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Figure 2. Definition of 1-dB compression point.

20 log (a,A)
OIP, 5

// . 20 log (3a,A%4)

/ 1P 20 log A

Figure 3. Definition of IP3.

third-order term caused by intermodulation appesad gradually impacts the fundamental.
The extrapolation of the two curves defines th& P
By comparing the equations of 1dB compression paat [IP3, the relationship between the

two nonlinearity representations can be found s [4

Aw - _g6dB. (2-4)

P3

2.3 Low Noise Amplifier General

The low noise amplifier (LNA) is the first module the receiving path of a transceiver,
which affects the performance of signal bandwidtyise figure, and power dissipation of the
entire system. A LNA of ultra-wide bandwidth is wvagd to cover all the frequency of

interest in the UWB applications so that the chie £an be compacter and the cost much



more reduced. Besides, a LNA for UWB is expecteddnsume as little power as possible

that enable mobility of hand-held devices with UWBhout the load of heavy battery.

2.3.1 Basic Concerns

In designing a LNA, noise optimization and inputpedance match are usually more
discussed. Inductive source degeneration is widatyployed for input match in the

narrow-band design of common-source amplifier [B]provides a real termw L for the

input impedance while generating little noise andstuming tiny voltage headroom. It is also
found in the broadband design with narrow-band aggn [5].

In LNA circuits, noise sources close to the inpontcibute more weight since they are
amplified by the circuits and then‘appear at thgpwatu That is why the input network and the
input devices are the main targets in‘noise redaocti Resisters are not good for input
matching in LNA designs because they produce lbtthermal noise. While on-chip spiral
inductors are widely used for impedance matchingy do generate thermal noise due to low
quality factor; i.e. noticeable parasitic resis&nc

The power-constrained noise optimization was dsedsn narrow-band LNA design [3]. It
calculates the optimum device size that minimizesen while keeping reasonable power
consumption and good power matching. The method extéended to the broadband LNA

design and in-band average noise figure was optz].

2.3.2 Recent Research Reviews on Broadband LNA

Several CMOS LNA design techniques had been regpdde broadband communication
applications. The well-developed distributed anmlifis known as its wide bandwidth.

However, as shown in Figure 4, it requires sevar@h consuming inductors to perform signal

-6-
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Figure 4. Distributed amplifier.

delay and many stages to provide a given gaincitiasumes much power [6].

A feed-forward noise-canceling technique was predds minimize noise figure at the price
of power dissipation as well. In addition, its -3dBndwidth is limited by device dimensions
and difficult to achieve the frequency band requeet of UWB applications [7].

To get flat gain performance over wide bandwidthjas resistor is used to improve the gain
at low frequency as shown in Figure 5 [5].-The-ttilke source degeneration is used together
with a three-section Chebyshev filter-tojprovideditband input match. A capacitor is added
in parallel with the gate-drain parasitic-capaatamo help design flexibility. The cascade
configuration is employed to improve reverse isotatand mitigate the Miller effect. The
noise optimization used in narrow-band design ipleyed and in-band average noise figure
is optimized. The design begins with narrow-bake-litopology and results in good
broadband performance. However, the additionalstasiexhibits some drawbacks. It
apparently dissipates extra power which would béssme in the low power design. Besides,
it may suffer from process variation.

For the UWB technology to be widely employed in trend-held wireless applications, it
cannot be avoided that power consumption is ongheimain issues. How to achieve wide
bandwidth, low noise and enough power gain whilepkag low power dissipation will be

discussed in the next chapter where a low power UNNB topology is presented.
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Chapter 3

Low-Power Low Noise Amplifier Design

This chapter presents a CMOS low noise amplifiddAL for low-power ultra-wideband
wireless applications. Section 3.1 addresses desigoepts of wideband approaches and
low power means. The proposed LNA employing staggeing technique consists of two
stacked common-source stages with different resendrequencies and is described in
section 3.2. A circuit design.sin 0.18n_CMOS process is shown in section 3.3. The
simulation results demonstraterultra-wide bandwiditiv noise and satisfying power gain

while drawing much low power in section3:4.

3.1 Design Concept

The goal of this work is to cover the 3-8 GHz fregay range for the band groups #1 ~ #3 of
MB-OFDM proposal. The initial idea was to use twidAs in parallel that each covers half
of the total frequency range. However, it resuliedhigher noise figure around the middle
frequency band and, more importantly, high powersconption. Thus, one LNA should be
designed to achieve the goal and avoid the issues.

It is a challenge to design an ultra-wideband LMAOi18um CMOS technology where the
Fmax is only around 35 GHz. While the distributedpéfiers are popular in extremely

extending the bandwidth, the power dissipation cotoebe an issue. In addition, the input
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Figure 6. Two-stage LNA with stagger tuning technique.

matching network for a wide bandwidth exhibits idiflties, especially with on-chip
components which are necessary for compact andyhigkgrated system-on-chip designs.
Some technologies for achieving wide. bandwidth lamd power consumption, respectively,

are discussed below. Afterwards, a novel-topolagylung the two features is proposed.

3.1.1 Wide Bandwidth

Two-stage LNA with stagger tuning technique wasorggd to have good gain flatness
within a frequency range, which is defined by tesonance frequency of each amplification

stage as shown in Figure 6 [8].
The theorem of the stagger-tuned amplifiers can foend in the fundamental

microelectronics textbook [9]. The maximum flath@essund a center frequenayo can be
achieved by transforming the response of a Buttehwlow-pass filter up the frequency axis
towo. As illustrated in Figure 7, a fourth-order banskpdfiler can be stagger-tuned
maximally flat with its two tuned circuits which Yaspecifications as follows [9],

B _ B :ﬁwo
= _\/E’ QJ_!QZ B '

(3-1)

10
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where B is the 3-dB bandwidth and Q is the quddttor. For narrow-band designs, high Q
is preferred since the bandwidth is small. Howewerthe UWB applications, where the

system Q is less than one, it seems difficult tplegnrelatively high Q on-chip inductors for

obtaining low Q circuits. Some adjustments and camsption may be required.

As illustrated in Figure 8, with definition of) =% for an inductor, the parasitic

S

resistancesrcan be transformed to the equivalent parallestasceR, = al.Q, . When the

RI/R,

inductor is employed in a tank, the total tank @;is= , where R is the native

resistance of the tank. It would be easier to wtdad the relationship between the inductor

11



Figure 9. Current reuse topology.

Q and the total tank Q if we express IQ the following equation,

1 1 1
+

= = 3-2
Q Qun Q 2

whereQ,, = and can be considered. as the unloaded Q of the aadQ, :%as the

R
ol
external Q. From the above equation; it is cleat & relatively high Q inductor can be
applied to a low Q circuit. Equation (3-2) is udefu selecting suitable inductors for the
tuning circuits. When the center frequencies an@fQhe tuning circuits are calculated
according to (3-1), the required inductance caddmded to resonate with the tank (parasitic)

capacitance at the center frequency. Then the fodig selected based on the calculation

with (3-2) as illustrated in (3-3),

L, = , Q = M% get R1. With Liand R4, we have), = RLll_ . (33

«f,C, Wy, L, wy, L,
It is possible that the requiredr @ too low to find a low Qfor use and the assumption of
high Q to derive (3-1) is invalid. As a result, tQg should be decided by Qhrough a
reverse flow of (3-3), and other means may be redubp flatten the stagger-tuned response.

A solution will be presented in section 3.2.

12



3.1.2 Low Power

Multi-stage amplifiers usually come with the powsmsumption issue. Figure 9 shows a
current reuse topology that is widely employedixoatlie issue [10]. The circuit consists of
two common-source stages which share the samecbrasnt. The capacitorQorovides
signal coupling between the two stages, and thedsypg capacitor Lfunctions as AC
grounding link. Through the same bias current p#th, circuit thus saves power. With
Metal-Insulator-Metal (MIM) capacitor used for @ chip layout, the parasitic capacitance

between the bottom plate and the ground may inpachigh frequency gain.

3.2 TheProposed Stagger-Tuned Topology

With the advantages of the above discussed cirdiésproposed LNA employing stagger
tuning technique consists of:two common-sourceestagith different resonant frequencies
as shown in Figure 10.

In a cascaded two-stage amplifier, the first staggesigned with concern of noise factor (F)
based on (3-4) [11],

F ol

total

=1+(F -

(3-4)

1
where kya is the total noise factor and, & the power gain of the first stage. The second
stage is targeted at linearity performance accgrttin(3-5) [12],
_ 1 : (3-5)
IP3=10log T 1
4+ =
P, IR,
The first stage of the proposed design is optimizechdise performance and the second for

linearity. The minimum noise factor {F) is give by [3]

13



Vpias

Figure 10. Proposed UWB LNA schematic (bias circuit is not shpwn

2 @ 2
Fon =1t——1/)0(-|C
T VO )

Equation (3-6) shows noise performance is better atrlr@guency. Accordingly, the first

; (3-6)

stage is designed to resonate at'the lower bound &ktingency band. The second stage, on
the other hand, resonates:at the upper bound of the fiegqueamd. The resonance
frequencies of the first and-second stages together ¢beewhole bandwidth for UWB
applications. The source inductog.is used to generate a real term for input impedance
matching. The passive components I, L4, C3, and G are adopted for matching network
at the input to resonate over the entire frequency bBEme output transistor Mworks as a
buffer for measurement purpose that can be removed avlewn-converter follows on chip.
The resistor R is used to provide bias voltage for theistandvi,.

To achieve the goal of power saving, the second stagacisest on top of the first stage. A
coupling capacitor and a bypass capacitor are required fotofadogy. The capacitorC
provides signal coupling between the two stages, and theitcap@g functions as an AC
ground link at the source of transistoe.NBoth G and G are metal-insulator-metal (MIM)
capacitors. The choice of large value of capacitpisCpreferred to perform better signal

coupling. However, large MIM capacitors may suffer fromggdic capacitance between the

14
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Figure 11. Small signal equivalent tank circuit of the first stage
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Figure 12. An example of tank.gain with the variation of caparcip,

assuming k=5 nH, R1=14 Q,~and G =495 fF.

bottom plate of the capacitor and ground, which degradeitcgain. The value of capacitor
C, is chosen to be as large as possible to provide ideal &dhdrin conventional narrow
band designs as well. Nevertheless, the value of ¢apdGi affects gain flatness in the
design employing stagger tuning technique. As sketched in Figurg islthe small signal
drain current of the transistor ;ML; is the inductor load of the first stage. Its parasitic
resistance and capacitance afg Bnd Gi, respectively. a1 represents all the parasitic
capacitance at the drain node of the transistgravd y; is the small signal voltage. The

tank gain ¥i/iq; can be expressed as Equation (3-7),

2 (e)= : - :
idl 1 —1
sl_1+ RLl + 1 +Scpar1 SL1+ RL +i +SCpar1
1+SC|_1(SL1+ Rl_l) C, ' C,
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Figure 13. Selection of the optimum value of the bypass capaGor

. 1
v, RLl + J(a‘l-i - wCz)
=w)= c
a1 uhdAides C"“ +jaC R, (3.7)

which shows the gain drops as the value of capacitodgCreases around the resonant
frequency of the first stage..Theparasitic-capaciiari€ about several femto-farads and
ignored in the equation. This charagteristic dominatesribdification of the gain flatness in
stagger-tuned UWB LNA where system Q is less than odettze available inductor,Qs
relatively high.

An example of the tank gain with the variation of aadjma G, illustrating (3-7) is shown in
Figure 12. By controlling the gain peak at the lower bountefrtequency range, a very flat
gain curve can be obtained over wide bandwidth. As shovigi 13, an optimized value of

the bypass capacitor, @xists for wideband design using the proposed topology.

3.3 Circuit Design

In the reference [5], a resistor of 90 Ohm used to improegéin at lower frequency

16
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Figure 14. Real term generated by inductively source degeneration.

consumes 2.25mW with 5mA bias current and 1.8V power suppiywAower UWB LNA

is designed based on the above design concepts and exjpesta@ the power dissipation
while keeping performance. To:meet the expectation, tleedniaent is chosen to be 4mA.
The United Microelectronics: Corporation (UMC) 0.48+ 1.8-V RF CMOS models are

applied to this design. The inputitransistor, size of ddDand the associated bias point of

0.65V are selected according to neise performance simulatlalti-finger technology is
applied to lower the noise resulting from the transigtde resistor.

The source inductor sLof 0.6nH is used to generate a real term for broadbapat in
impedance match without suffering from noise of realstess as shown in Figure 14. The
value of 0.6nH is adopted for it is close to the minimwatue of available inductors in the
model and will not degrade high-frequency gain too much.

The second stage is designed to meet linearity requireagemtentioned earlier and the

device width is 10@ m. For a low power design, a small device is preferretaased to

VDD [12]. The resistor R of 10K Ohms is used to provide bidsge for the transistor M
As shown in Figure 15, the two tuning circuits constitute shagger tuned UWB LNA.

IT(w)|=IGm(jw)Zi(j @)| is the voltage gain of the first stage with inductivarse

17
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Figure 15. Stagger tuning in UWB LNA design.

degeneration, andf o )|=|Gm(j @ )Z2(j @)|=gmp| Z(j @)| is the voltage gain of the second
stage. |B(j®)|= |T(®) Th(jw)| with assumption of linear time invariant system. To

achieve the goal of 3-8 GHz LNA, a wider bandwidth is @ered for calculation in the

initial design stage. Conservatively, 2.7GHz (10% below 3GHL0.4GHz (30% above
8GHz) is set for -3dB bandwidth. The. center frequeniy=,/ f, Of, =5.3 GHz, and

according to (3-1),0i=2.6 GHz, §,=8 GHz:-Since the system Q is too low to find available
inductor Qs, the tuning tank Qs are modified to be 2.4 antbPthe first and second stages,
respectively. The load inductor of the first stage isseim to be 5nH to resonate with
capacitance at the drain node of the transistgmMich includes the device parasitic and the
capacitance between the bottom plate ¢faBd ground. The load inductor of the second
stage is chosen to be 1.2nH. The resonance frequenctbe @ifst and second stages are
conservatively able to cover the 3-8-GHz bandwidth for Us@Blications.

At the frequencies of interest, the inductor Q’s arauadio7~10 and the unloaded tank Q’s
are about 3~4 which can be calculated from the outpustaese of the tuning stages.
According to (3-2), the tuning tank Q’s are around 2~2.5. Toerekelection of optimized
value of C2 is required to achieve maximum gain flatness.

The capacitance of capacitoy € selected to be 4.92 pF for signal coupling and without

18
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Figure 16. Power gain, isolation and return loss.

suffering from severe parasitic. From Fig. 14, the bast flatness can be obtained while the
value of capacitor £is 4.92 pF. With the resonance matching technique for broadband
match [13], the passive componentgz2.5nH,*1:=1.8nH, L=0.9nH, G=350fF and &
=1000fF are adopted for noise ‘and impedance matching to 1@&m0source. The output is
matched to 50 Ohm with the buffer stage for measuremenvgeirpphe buffer stage is added

for RF measurement and biased at'4.3 mA.

3.4 Simulation Results

The circuit simulation was accomplished with Cadenpec8eRF simulator. Figure 16
shows the return losses are well below —10 dB througheutitire frequency band. The -3
dB frequency band is 2.8-10.5 GHz. The maximum power gains@itbhm matched load is
14.1 dB. The gain curve at the left side of 3.2 GHz, thenaawxce frequency of first stage, is
much deeper than that at the right side of 7.4 GHzes#3cdB frequency drops faster in the
lower frequency band for the similar Qs.

The LNA has a lowest noise figure of 3.02 dB as shownguarg 17. Two-tone signals
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Figure 18. Two-tone test and 1dB compression

around 6 GHz are applied to the LNA to observe the inputreefdP3 (IIP3). One-tone test
at 6 GHz is performed to obtain the input referred 1dB cossme point (IP1dB). The
simulated 1IP3 is —7.2 dBm and the simulated IP1dB is -17.8 d&spgctively, as shown in
Figure 18. The simulation results show the LNA topolagy design perform very well and

thus encourage the application in UWB system which wilvérified in the next chapter.
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Chapter 4

LNA Application in UWB System

Since the proposed low-power UWB LNA performs welthie simulation results, the LNA
circuit is put in the UWB system for verification ihid chapter. Section 4.1 introduces in
brief the MutiBand OFDM proposal and focuses on RF edlahformation. Section 4.2
discusses RF/Baseband co-simulation. The simulagsnolts for LNA application in the

UWB system is shown in section 4.3.

4.1 MB-OFDM ProposalBr ief

In the MB-OFDM proposal [14], the FCC approved spectrum, 3.6-GHz, is divided into
14 bands where each band has bandwidth of 528 MHz. Asnsimokigure 19, the 14 bands
are categorized into 5 band groups where a time-frequency (@d€e) is utilized to
interleave coded data over up to three frequency bands. lzawh uses a total of 122
modulated and pilot subcarriers out of a total of 128 subcsrwhose bandwidth is 4.125
MHz each. The OFDM subcarriers are modulated using QF8lavoid difficulties in DAC
and ADC offsets and carrier feed-through in the RF aystee subcarrier falling at DC (Oth
subcarrier) is not used. The support of transmitting andviageat data rates of 53.3, 110,
and 200 Mb/s is mandatory, while the maximum capabilityamdmeve 480 Mb/s. Devices

operating in band group #1 are denoted Mode 1 devices, andl besinaandatory for all
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Figure 19. Band assignment in Multi-Band OFDM proposal.
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Figure 20. Transmitter power spectral density mask in MB OFDM psajho

Table 1. Receiver‘performance requirement in MB OFDM proposal.

Data Rate Minimum Sensitivity for Mode 1
(Mb/s) (dBm)
53.3 -83.6
80 -81.6
110 -80.5
160 -78.6
200 -77.2
320 -75.5
400 -74.2
480 -72.6

devices to support Mode 1 operation, with support for the dtdwed groups being optional

and added in the future. The transmitted spectrum shall ®a¥alBr (dB relative to the

maximum spectral density of the signal) bandwidth noeeding 260 MHz, —12 dBr at 285

MHz frequency offset, and —20 dBr at 330 MHz frequency offsétadnove. The transmitted

spectral density of the transmitted signal mask shalWitin the spectral, as shown in
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Figure 22. RF receiver behavior model.

Figure 20. For a packet error rate (PER) of less than 8% avPSDU of 1024 bytes, the

minimum receiver sensitivity numbers for the varioussand modes are listed in Table 1.

4.2 RF/Baseband Co-simulation

The tradeoff of RF receiver front-end includes noise &gpower gain, linearity, bandwidth,
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Figure 23. Co-simulation results — band group#1.

and power consumption. The  performance greatly affectseblaamd signals. The
co-simulation of circuit-level:RF with-algorithm-levbhseband can be applied to evaluate
the effects on error vector magnitude(EVM). The cofieation platform is fulfilled in the
DSP environment of Agilent ADS.. The data flow simuladod circuit envelope simulator
enables co-simulation of algorithm-level baseband wittcudilevel RF front-end. A
tentative algorithm-level of UWB baseband transceigsarsed to co-simulate with this LNA
circuit design. The RF/Baseband co-simulation modedhiswn in Figure 21. One of the
building blocks is the RF receiver behavior model whichssis of RF front-end and analog
modules as shown in Figure 22. Band selection filer, LN#xer, variable gain amplifier,

and low-pass filter in discrete modules are included.

4.3 Simulation Results

The RF/Baseband co-simulation with the LNA circuitaducted for Band Groups #1~#4

24



Channel loss-25dB  VGA gain: 55dB  PwrSplit-3dB
RF/Baseband Co-simulation with LNA circuit @Band #2 of Band group#2

Index dB(EVMT]
T 20 957

)
E
5
: & ®
5
B
z
2
g 3 T2
o T T T T T T T T T T
é‘ Q* 50 52 54 58 55 6D B2
freq, GHz
Index (0.000 to 11955.000)
400
w30 @
o B m
z ]
£ a0
5
= 4
G
100
(JRENNNHES SN o
0 100 150 0 100 200 300 400 500 600
Index freg, MHz

Figure 24. Co-simulation results — band group #2.
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Figure 25. Co-simulation results — band group#3.

and the simulation results are shown in Figure 23~26, cegply. The power spectrum
density at the transmitter output is plotted. The posgEctrum at the Q-path of the RF
behavior output is displayed. The figures also show cld28lQsignal constellation. The

EVM results are close to those with behavior buildiragklof LNA which means little
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Figure 26. Co-simulation results — band group#4.

degradation caused by the proposed LNA circuit. The colsiion results show that the
proposed LNA circuit performs well“in' the: UWB applicatso With the verification of
RF/Baseband co-simulation, . the ~proposed ENA design ukhdr studied by chip

implementation and measurement-which are describe@ inetkt chapter.
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Chapter 5

Implementation and Experimental Results

With verification through the RF/Baseband co-simulatithe proposed low-power LNA
design is to be implemented on chip for further researthis chapter. Section 5.1 addresses
consideration of layout which is one of the key pointsR& circuit to perform as expected.
Section 5.2 presents the chip layout of the proposed LNAtl@ post-layout simulation
results. The measurement results .and .analysis amensim section 5.3. Section 5.4

summarizes the proposed LNAdesign.

5.1 Consideration of Layout

Since RF signal is very sensitive to the parasitic ctguace, the signal path should be
arranged as short and straight as possible. OverlappiR§ paths should be avoided too.
Besides, noise coupling via the substrate may interfeteR# signal, so metal 6 is assigned
for signal path and a grounding metal layer below it forse shielding is necessary.

Obviously, metal layer 1 is usually the choice becausesplace between metal layers 1 and
6 is the biggest and hence the parasitic effect isriadlesst. Whenever metal-insulator-metal
(MIM) capacitors are used, the parasitic capacitance de#twhe bottom plate and the
grounding layer always affects the circuit performantehould be kept in mind prior to

layout work. As the on-chip spiral inductors are necessitieadio frequency circuit design,
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Figure 27. Layout of the proposed UWB LNA.

their huge footprint always decides the chip area. The iadushould be arranged in the
way that the RF signal flows in the shortest andtnstsight route. Also, proper space
between inductors is required to mitigate. mutual inductaffeet. If the layout is designed
for on-wafer testing, the smaller RF pads are predefoe less parasitic capacitance.
However, too small pads can result in difficulty in chigasurement because the testing
probes are hard to land right on the pads. The tessholeld be checked before layout work.
While different building blocks are integrated on the sathg, power supplies of RF,
baseband and ESD should be separately fed to avoid intexderln addition, bypassing
capacitors can be added on the nodes of power supplidetanbise. Regarding the four
guadrature signal paths of LO feeding to the mixer, gteuld be wired symmetrical and

close to one another to reduce phase errors and hencd4e¢ .of

5.2 Chip Layout and Post-Layout Simulation

The layout of proposed LNA is shown in Figure 27 and tieealea is 1.76 mm The

post-layout simulation was accomplished with CademeEe®eRF simulator.
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Figure 29. Power gain and reverse isolation.

Figure 28 shows the return loss S11 is well below —10 dB thoatghe entire frequency
band. The —3 dB frequency band is 2.6-9.2 GHz. The maximumrpgaie with 50 Ohm
matched load is 10.9 dB as shown in Figure 29. The gain cuthe &ft side of 3.2 GHz,
the resonance frequency of first stage, is much deepethbtat the right side of 7.4 GHz,
since —3 dB frequency drops faster in the lower frequenay. ban

The LNA has a lowest noise figure of 3.5 dB as showifrigure 30. Two-tone signals
around 6 GHz are applied to the LNA to observe the inpatreaf third-order intercept point
(IMP3). One-tone test at 6 GHz is performed to obtheihput referred 1dB compression

point (IP1dB). The simulated 11P3 is —5.1 dBm and the siradl#®1dB is -15.3 dBm,
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Figure 31. Two-tone test and 1dB compression.

respectively, as shown in Figure 31. To establish moredmmde about the circuit design
and layout for tapeout, a post-layout simulation is asaducted with Agilent Advance
Design System (ADS). Figure 32 and 33 show the simulaéisualts of power gain, reverse
isolation and return loss of the design which do not tevisuch from those simulated by
Cadence SpectreRF. Figure 34 also performs the similaat tenoise figure as Figure 30.
Frequency response plots in magnitude and phase of S2hawe # Figure 35, where

zeros and poles can be observed.
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Figure 32. Power gain and reverse isolation with Agilent ADS.
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Figure 33. Return loss with Agilent ADS.
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Figure 34. Noise figure with Agilent ADS.
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5.3 M easurement Resultsand Analysis

The circuit is measured on wafer with RF probes andHh8510C network analyzer. The
photography of the LNA chip-is shown in Figure-36. The measeiné results are attached in
the following figures where the simulation results als asketched for comparison. As
shown in Figure 37, a 2.4-9.4-GHz ultra-wideband LNA is achieaed the maximum
power gain is 9.7dB while the gain flatness is also dematestrit can be observed that the
power gain degrades at the middle frequency band but riske &band close to the higher
end of the measurement frequency. It can be explaingteassonance frequency of tH¥ 2
stage tank shifts towards higher frequency. The cause isblyose process downwards
variation of the inductor or device parasitic capacitatcthe 2 stage which is designed to
resonate at higher bound of the frequency range.

The measured minimum noise figure is as low as 4.17dB.&H¥E as shown in Figure 38. It
is only 0.54dB above the simulated value and positionedrat drequency. The average

noise figure over the entire bandwidth is about 5.2dB.idare 39, the input impedance
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Figure 37. LNA measurement results - power gain.
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Figure 38. LNA measurement results — noise figure.
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Figure 39. LNA measurement results - (a) input return loss; (b) 8 &mith Chart.

match S11 is measured less than -7.4dB in the frequency aadge Figure 40, the output
impedance match S22 is well below -15dB. With return lokese on the Smith Chart, it is
easier to observe the broadband match conditionrdlagvely higher deviation of the S11
between simulation and measurement results is possiblyodilne process variation of the

input matching network, especially the inductors. It can biee by simulation tools.
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Figure 40. LNA measurement results - (a) output return loss; 22 i8 Smith Chart.

The measured reverse isolation is better than 40dBhéombst of the frequency of interest
as shown in Figure 41. This good isolation is much helofyrevent the LO leakage from
the down-conversion mixer to the antenna.

As regards the linearity test, the Agilent E4440A PSAesespectrum analyzer is used. A
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LINAQ9D4 Measurement Results - Isolation

40

60

$12dB)

80

-100

™ - ——B(E12) Mea
- - - - -dB(EI2) Sim

4o O
LEH09 2E+09 3E+09 4E+09 SE+09 G.E+00 TE00 SE09 OE+09 LE+0 LE+0 LE+IO0

Frequency (Hz)

Figure 41. LNA measurement results — reverse isolation.
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Figure 42. LNA measurement results —IP3.

two-tone test is conducted at 6GHz with the spacing of 4.25Which is the bandwidth of
the OFDM sub carrier in the MB-OFDM proposal. Theaswred results reveal in Figure 42
that the LNA exhibits good input IP3 of -3.5dBm. A one-torst te applied individually at
6GHz to get the input referred 1-dB compression point of -14d8sown in Figure 43. The
LNA dissipates only 7.3 mW with a power supply of 1.8V. T¢t@al power consumption is
detailed in Table 1.

In this work, both Cadence SpectreRF and Agilent ADSusexl in simulation. Cadence

Virtuoso is applied in layout editing. In Figure 44, the miead power gain is displayed
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Figure 44. Comparison between simulation tools and measurement

Table 2. LNA measurement results - power consumption

Unit: mw Simulated Measured
Power Consumption | Power Consumption
LNA Core 7.15 7.33
Buffer 7.79 7.60
Total 14.94 14.93

together with the post-layout simulation results byt circuit simulator. There is no

much difference between them in this case and the maxidewiation between the
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simulation and measured results is 2.2dB.

The performance of the proposed LNA is summarized bl€rd, with comparison to other
recently published wideband LNAs. The power consumptioth@fproposed LNA is much
lower than that of the others, while the other perforweaindices are competitive. For clear
comparison, a figure of merit (FOM) for the wideband L3\Ni& employed as (5-1)

FOM = Gmax,(mag) Al P3(mag) DfH ,(GHz) ’ (5_1)

(NFmin,(mag) - 1) |:Pdc(mW) fL,(GHz)

The higher the FOM is, the better the performanceceSthe average values of power gain
and noise figure are not all available for the LNAsthe table, the maximum gain and
minimum noise figure are adopted in the formula. Th&H® not applicable to [6] and [7]
whose low-3dB frequencies are near DC. The proposed LNAviswsly a good candidate

for low power UWB applications:

5.4 Summary

A two-stage stacked topology employing stagger tuning technigsebé&en presented for
low power UWB LNAs. The quality factors for circuit dgs and inductor selection are
discussed. In addition, the optimization of gain flame proposed. Implemented in 0118-
CMOS technology, the measurement results demonstrateahe proposed LNA is paving
the way to a new generation of low power UWB applicatio

With complete research on the low power LNA which Basng backup of measurement
data, the next chapter will go further to develop a REivec front-end for the integration of

the UWB transceiver.
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Table 3.

Performance summary and comparison to other wideband LNAs

Tech. S11 Gmax BW NFmin 1IP3 IP1dB Pdc FOM*
(dB) (dB) (GHz) (dB) {dBm) (dBm) {mwW)

This work 0.18um | <-7.4 9.7 2454 4.17 -3.5 -14 7.3 1.39

{Measured) CMOS

This work 0.18um | <10.6 10.8 2.65.1 3.63 -3.6 -13.3 7.2 -

(Sim_ADS) CMOS

This work 0.18um <-11.5 10.8 2.68.2 3.48 -5.1 -15.3 7.2 -

(Sim_SpectreRF)| CMOS

[5]-1 0.18um | <-9.9 9.3 2.38.2 4.0 -6.7 -15 9 0.53
CMOS

[5]-2 0.18um | <-5.4 104 2485 4.2 -8.8 -18 9 0.39
CMOS

[6]-1 0.18um | <-10 11.5 0.01-14 34 9.4 04 52 N.A.
CMOS

[6]-2 0.18um <-8 8.1 0.01-22 4.3 8.7 -1 52 N.A.
CMOS

[7] 0.25um | <-8 13.7 0.002-1.6 1.9 0 -9 35 N.A.
CMOS
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Chapter 6

UWB Receiver Front-End Design

Wireless UWB transceivers are expected to replace tdtaisy wiring for various consumer
electronic devices and computer peripherals. In the nearef it is possible to build up
wireless entertainment centers at home and mobile ssiwerk in office with wireless
UWB technology. Although the IEEE 802.15.3a.standard is eofiryned, the move of UWB
products toward market has -never been-stopped. This chapggrates the proposed low
power UWB LNA topology with down=conversion mixers tovdlep a RF receiver front-end
for the integration of the UWB transceiver. In sectél, the UWB transceiver architecture is
introduced and the advantages and issues of the dire@rsanvreceivers are discussed. The
passive mixer for the receiver front-end is presente@cdtia 6.2. The considerations about
layout and package are given in section 6.3. The implet@mtaf the RF front-end is
provided in section 6.4. In section 4.5, the simulationlte®f the UWB receiver front-end
and the RF/baseband co-verification are shown. Seét®rsummarizes this RF front-end

design work.

6.1 System Architecture

The UWB transceiver architecture is referenced to the gaoup #1 of the Multi-Band
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Figure 45. System architecture of UWB transceiver.
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Figure 46. Behavior model and specification.

OFDM proposal with operation frequency between 3GHz to S@Mzction-conversion is
adopted in the system architecture as shown in Figure RS biilky image rejection filters
are not necessary any more and system-on-chip (SGEgyation is more accessible with this
compacter architecture. Besides, it is more importaat power consumption can be much
reduced. Figure 46 shows the behavior model and module sp#offis. On the other hand,
the direct-conversion architecture exhibits severaleisssuch as DC offsets, I/Q mismatch,

even-order distortion, and flicker noise.
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6.1.1 DC Offsets

When the downconverted band extends to zero frequentignerus offset voltages can
corrupt the signal and saturate the following stages. miéim cause of DC offsets is that
strong LO signal leaks to RF port through capacitive and bstoupling and the
self-mixing occurs in the mixer. The problem of offsetsgebrse if self-mixing varies with
time. This happens when the LO signal leaks to the antemohas radiated and subsequently
reflected from moving objects back to the receiver.

There are various means of offset cancellation. Higis fiiering or capacitive coupling can
be a good solution for wideband channels that contale Energy near DC. In the MB
OFDM proposal, the subcarrier falling at DC (0Oth subeayis not used, and the lower corner

frequency can be higher than 1 MHz.

6.1.2 I/Q Mismatch

The phase errors and amplitude mismatches of quadrature idgu@l scorrupt the
downcoverted signal constellation , thereby raisingltiheerror rate. Suppose the received

signal is x, (t)= a cos ¢ + b sinw ¢, and assume the | and Q phases of the LO signals are
X0, (t) = 2cosat (4-1)
Xi00(t) = 21+ £)codwt +6), (4-2)
wheree andd represent amplitude and phase errors, respectively.

The normalized error vector magnitude (EVM) can be expceas

(1+£)(bcosd +asing) -b

and can be used as the performance index for ttevex and be regarded as the inversed

EVM = (4-3)
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signal-to-noise ratio if we consider noise as ewuestor [15]. To mitigate the 1/Q mismatch

issue, the quadrature LO signal generation shaeildelsigned carefully.

6.1.3 Even-Order Distortion

Suppose two strong interferers close to the chaohdtfterest enter the LNA, the second
order intermodulation distortion of the LNA will dace a low-frequency beat at the LNA
output. The mismatch of differential switching ts&tor pair results in direct feedthrough
from the RF input to the IF output which corrupte tbaseband signal. The RF port of the
mixer also suffers from the same even order distoreffect. To mitigate the even order
distortion, the LNA and mixer should present goedosd-order nonlinearity performance
characterized by the second-order intercept pdiR)( Besides, an on-chip ac coupling
capacitor between the LNA" and the:succeeding mixzas effectively prevent the

low-frequency beats at the LNA output from enteriiig mixers. However the parasitic

capacitance of the capacitor should be noted notgact the signal too much.

6.1.4 Flicker Noise

Since the downcoverted spectrum extends to zergudmcy, the 1/f noise of devices
significantly corrupts the baseband signal. Thia severe problem in the circuits employing
MOSFETs. Several means may be applied to reducdlither noise in the receiver. In

baseband circuits, PMOS can be used to lower igen®evices with larger size also help.
An on-chip AC coupling capacitor between the LNAdathe succeeding mixers can

effectively prevent the 1/f noise at the LNA outfram entering the mixers.
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Figure 47. UWB Mixer topology.

Figure 48. Baseband amplifier schematic.

6.2 Mixer Design

A down-conversion mixer is used to convert the Rfgdiency to IF frequency. In the direct

conversion receiver structure, zero IF is requiretthe design.

6.2.1 Circuit Topology

A wideband passive mixer is designed for the pwrmddow power, little flicker noise and

high linearity following the LNA, as shown in Figud7. The conversion gain and noise
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Figure 50. Noise figure of mixer with baseband amplifier.

figure of passive mixers are well analyzed in [16]. Somdetafs exist between voltage
conversion gain and linearity. A baseband amplifier sigieed with consideration of low
noise for compensating the gain loss of the passive rangrconsequently helps improving
overall noise performance of the receiver as showiigare 48. PMOS devices with large
width and resistor loads are adopted in the design dfiffegential baseband amplifier for as
little 1/f noise as possible, while the enough bandwidth fatfggen 264 MHz is maintained.

The input devices of the amplifier is designed to be biasegtoaind level for eliminating

demand and hence disturbance of DC source. A pair ofesdallowers serves as the output
buffer for measurement purpose. With some modificatibnan also function as DC level
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shift for the succeeding variable gain amplifier whose @ftSet cancellation circuit can

prevent the DC offset nature of the mixer from impartime whole system performance.

6.2.2 Simulation Results

The down-conversion mixer with baseband amplifier amgwut buffer is simulated in Agilent
ADS. The even curves of conversion gain in Figure 48vsthat this mixer is suitable for

UWB applications. Figure 50 shows good noise figure in doubé&band.

6.3 Consideration of Package and ESD Protection

As fabrication process deeply affects RFE circuit penence, post-layout simulation with
appropriate package model is - wvital " to ' “successful chip design. addition,
electro-static-discharging (ESD) protection is a @ltissue in thin oxide process. Some key

points are highlighted in this section.

6.3.1 ESD Protection

As MOS device shrinks with technology, the toleraotéhe gate voltage goes down and the
high potential at gate terminal easily pierces the thideo Therefore, ESD circuits are

imported as shown in Figure 51. Diode chain protection guidestremendous charge to

VDD or GND, and a large gate ground NMOS will break doweeoa large potential across

the VDD and GND, and induces the charge in VDD flowsugh NMOS to GND.

The devices used in ESD have special restrictions. The graund MOS should avoid

lightly-doped-drain which is common in deep submicron pracéle distance between drain
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contact and boundary of gate and diffusien must be largesustain higher static charge.
Contacts on guard ring are also_prohibited-because tietgrthe break down of ESD device
harder. The ESD circuits provided by.-UMC ensure 3.6kV in mubwly mode (HBM) test

but induce about 40fF nonlinear capacitance in each pad.

6.3.2 Package Topology

The package QFN20D is provided by SPIL and is applied ta#sgn. The package model
for bond-wire is built as shown in Fig 52. The issuebdarid-wire include serial inductance
and parasitic capacitance between pins. The serial indectarakes the DC supply a
non-ideal AC ground while the capacitance between pinsesaadjacent coupling. The serial
inductance is about 1nH/mm with the length of bond-wire lagt quality factor compared

with on-chip inductor. The model provided by SPIL has de#ditsut 1nH serial inductance
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for each pin. For DC supply pins, especially VDD and G, 1nH parasitic inductor can
change circuit performance or induce oscillation. Hevethe high Q nature of the bonding
wires can replace the on-chip.sspiral_inductors to impriee circuit performance. Since
different pins have different inductance values; with mmaxn difference of 0.2 nH, detailed

inspection on the package model is-requiredsbefore using it.

6.4 Circuit | mplementation

A UWB receiver front-end referenced to the band group #heMulti-Band OFDM with
operation frequency between 3GHz to 5GHz is designed dagdhls of low noise figure, low
power, high gain, and wide bandwidth. As shown in Figuretta3,high-Q bond wires are
fully used to reduce the chip area and improve the noiseefiguthis design. The load
inductor of the first stage is chosen to resonate at BIA dth capacitance at the drain node
of the transistor M which includes the device parasitic and the capacitaateebn the
bottom plate of €and ground. The load inductor of the second stage is chogmEmnerate a

resonance at 4.6 GHz. The resonance frequencies ffsth@nd second stages together cover
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the 3-5-GHz bandwidth for UWB band group #1 applications.

The capacitance of capacitor 6 selected to be 4.92 pF for signal coupling and without
suffering from severe parasitic. With simulation, test gain flatness can be obtained while
the value of capacitor Qs 39.36 pF. Since the LNA and mixers are integrated on tiep,
original buffer stage at the LNA output is no longeguieed.

Figure 54 shows the layout of the receiver front-end. dieearea is much reduced since the
bond-wires are fully used to replace most of the on-ghialsinductors. The PCB layout is

shown in Figure 55. The RF signal path is arranged Wwélshortest distance and the
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Figure 56. Balun for LO quadrature output.

differential LO signals are routed symmetrically faoth | and Q. The transformers of 4:1
Ohm ratio are to be installed on the board for diffeagh converting to single ended-output.
Figure 56 shows the balun for LO quadrat‘lj're-"output at 3960 Mh&z pattern is simulated

with Momentum of Agilent ADS for‘OQM "Jlﬂad,‘ahd;u270 outputs.

1

6.5 Simulation Results:

The post-layout simulation was accomplished with Cad&peetreRF simulator and Aglient
ADS. Individual simulation of LNA and mixers are condutfest. As shown in Figure 57, a
buffer circuit is added to the LNA for simulation. Figus8 shows simulation setup and
results of single mixer and two mixers in parallel. Tigbvidual simulations prepare for the
integration of the LNA and mixers in the receiver frend. Since there are three
528MHz-bands in the band group #1, each kind of test is ruallftihree bands. Figure 59
shows the double-sideband noise figure of the receiwgelisbelow 3 dB. Since the receiver
adopts direct-conversion architecture, the double-sidebars® rigure is reasonable to

represent the noise performance. The lowest convegsions 18dB as shown in Figure 60.
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Figure 60. RX Simulation results- conversion gain

variable gain amplifier.

The gain curve tends to fall with higher band for the inpyiedance at the RF port of the
mixers is lower at higher frequency band. A buffer betwibe LNA and mixers can improve
that, but suffers from additional power consumptionc&ithe noise figure of the receiver is

well below the specification, the gain difference d#n compensated with the succeeding

Two-tone signals with 4.125MHhacing are applied to the receiver

to observe the input referred third-order intercept polf3jL One-tone test is performed to
obtain the input referred 1dB compression point (IP1dB). Sihaulated 1IP3 is higher

than —30.4 dBm and the simulated IP1dB is better than -46.7 @8pectively, as
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Figure 67. Summary of RF/Baseband co-simulation.

Table 4. Power consumption details of receiver front-end

Component Power Dissipation
(mW)
LNA 8.5
Mixer(x2) 0
Baseband Amplifier(x2) 3.2
Buffer(x2) 9.6
Total 21.3

shown in Figure 61~66. The power dissipation of the whaleiver front-end including the
output buffers is 21.3 mW as detailed in Table 4.

Figure 67 shows the summary of the circuit-level co-k&btmn of EVM with various input
power of the receiver. The EVM goes higher as the ipputer goes below -90 dBm as well
as above -65 dBm. The lower bound is limited by the seitgitf the receiver and the upper
bound by the linearity. Since the minimum sensitivity iegaent of the band group #1 is
-83.6 dBm, the receiver front-end can work well for teeecification. When a complete
version of algorithm-level of UWB baseband transceiveavailable, the co-verification
results will be closer to the real performance. FigiBeshows a comparison of co-simulation

results between the circuit-level RF front-end ad thesign and the behavior building block.
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behavior building block.



6.6 Summary

The proposed topology of low power UWB LNA with stagge tuning technique has been
applied to the RF front-end for the UWB direct conigisreceiver. The RF front-end
performs low power, wide bandwidth and low noise. Theéesyds verified by RF/baseband
co-simulation. Implemented in 0.18n CMOS technology, the results demonstrate that the
presented RF front-end is paving the way to a new generatiolow power UWB
applications. In addition, the design can be easily fimetlio fit other band groups of MB

OFDM proposal.
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Chapter 7

Conclusions

This thesis has presented a two-stage stacked topolodgyemgpstaggering tuning technique
for low power UWB LNAs. It has enabled the implemeiotatof a 2.4-9.4 GHz low power

LNA in a 0.18zm CMOS technology. This novel topology has been applethé RF

front-end for the UWB direct conversion receiver whiarforms low power, wide bandwidth
and low noise. In conclusiony the key-contributions prese in previous chapters are

summarized below.

7.1 Summary

A two-stage stacked topology employing staggering tuning tgobrihas been presented for
low power UWB LNAs in Chapter 3. The quality factors forcuit design and inductor
selection are discussed. In addition, design optinomator the power-constrained stacked
amplifiers in wide bandwidth applications is also présénThe LNA is put in the UWB
system for verification in Chapter 4. The LNA circuihplemented in 0.1&m CMOS
process shows a 2.4-9.4-GHz bandwidth in Chapter 5. Tipdif@mprovides a maximum
forward gain (S21) of 9.7 dB while drawing 7.3 mW from a 1.8-V supflyoise figure as
low as 4.17 dB and an 1IP3 of —3.5 dBm have been measuredgtecl6, the novel topology

of low power UWB LNA has been applied to the RF fronttefor the UWB direct
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conversion receiver. In the RF front-end, a widebandsipasmixer is designed for the
purpose of low power little flicker noise and high lineardfter the LNA. A baseband
amplifier biased at ground level is designed with comaitten of low noise for compensating
the gain loss of the passive mixer and consequently h@lmiimg overall noise performance
of the receiver. The UWB receiver front-end refereinde the band group #1 of the
Multi-Band OFDM with operation frequency range 3-5 GHz dernrates low noise figure,
low power, high gain, and wide bandwidth. It is also wedifiby a RF/Baseband

co-simulation.

7.2 Recommendations for Future Wor k

The stagger tuning LNA employs®on-chip spiral inductors widichninate the chip area. An
optimization of the spiral inductors would help reduce #wea and drive the circuit
performance toward perfection. In_ addition, a tentatigorithm-level of UWB baseband
transceiver is used to co-simulate with this RF fremd- circuit design. When a complete
version of algorithm-level of UWB baseband transceiveavailable, the co-verification

results would be closer to the real performance.
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