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Abstract

A novel receiver front-end; Low Noise AmplifiekNJA), mixer and Local Oscillator
(LO); is designed and analyzed in Ku-band. Différ@esign aspects of the subsystems along
with the trade-offs and improvements are presented.

Two different configurations of the three-stagas@aded LNAs are designed,
analyzed, fabricated and tested. The aim is togdesinalyze, and improve the performance
parameters of three-stage LNA, especially, to mimeémthe noise figure while keeping
considerable gain. A cumulative approach of twa-poodelling and noise extraction is
presented. The work is extended to the multistageit level analysis from the device level
analysis. For the same, sixteen-element deviceildistd model with all possible inherent
resistor temperature noise sources is considereldamalyzed. Input referred noise was
analyzed and presented in terms of intrinsic aridrestc parasitics. Noise figure was analyzed
in terms of correlated and uncorrelated noises,th@aonditions were indentified in our case,
to make the noise figure minimum by making the elated noise ideally zero. The achieved
noise figure is as low as 1.46dB (with 30.1dB gamKu-band by analyzing the three-stage
LNA considering gain-constrained-noise optimizati@xtrinsic device parasitics, stability
resistor and matching networks to the next stageaddrement results are promising in

comparison with the recent relevant work publisimeu-band LNA.



Next, a wideband 3-dB balanced coupler for th&emiapplication is presented.
Typical rat-race coupler is modified by introduci@pmposite Left/Right Hand (CRLH)
transmission line to provide wideband response.pésed coupler is small in size
(4.3mm X 4.3mm) and provides wideband response 3r1@GHz. Using the coupler
presented; small size wideband singly balancediymassixer in Ku-band is designed. Mixer
simulated results are presented in terms of mixgfopmance parameters; conversion loss,
noise figure and linearity. Proposed mixer has lmmversion loss-6dB) and very good
Radio Frequency (RF)-LO isolatior26dB) in Ku-band. The mixer exhibits good linear
response which is analyzed bydB compression (4dBm) and®3rder intercept point (i
(15.7dBm). Two-stage multiband-reject Intermedigtequency (IF) filter is designed and
simulated to suppressRF, LO frequency, ® order intermodulation products, antf 8rder
intermodulation products.

To complete the receiver front end, next, low powu-band Voltage Controlled
Oscillator (VCO) is designed as LO. Using VCO, freqcy can be tuned in order to achieve
desired IF. Two different new topologies of the atege resistance voltage-controlled
oscillators at Ku-band are proposed. In VCO dedigmovel active open ended planar
structure is proposed as a resonator for the VO@nEhough being a planar resonator, it
provides very good quality factor (up to 235) whatsures low phase noise. VCO microwave
IC is fabricated and tested. Measurements showthiga/ CO can be tuned for 180MHz by
varying resonators’ varactors from OV to 22V. Maasuoutput power remains in between
4.20dBm and 8.06dBm for the entire tuning rangeaddieed normalized Phase Noise Figure
of Merit (PNFOM) for the VCO is —214.4dBc/Hz. TheCho RF efficiency fpc-rg) of VCO
is 19%. To the best of our knowledge, PNFOM apérr are the best among the published
planar resonator based VCOs in our frequency bamdterest, to date. In VCO design-2, a
novel double negative active metamaterial planaunctire is proposed as a resonator.
Metamaterial resonator is analyzed and compositeptEx constituent parameters are
extracted. Metamaterial resonator has an improwvedlity factor compare to the resonator
proposed in the design-1. The IC was fabricatedtasted. Measurements show 10.37dBm

power at 14.3GHz which is improved compare to tikWesign-1.
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Chapter 1

Introduction

Receiver system is an important part of the comoation channel. Receiver front-

end architecture includes LNA, RF filter, mixer,flEer and LO.

Satellites play unique part of the daily routiifie by providing voice, video and data
applications. Exponential growth of satellite conmieations in wide range of commercial and
daily routine applications like satellite radio,letdsion and Direct-To-Home (DTH)
broadcasting services using Fixed Service SateljieSS) and Direct Broadcast Satellites
(DBS), digital cinema, broadband internet connextjoweather forecast, geographic
observations like agriculture, forestry and geologyilitary communication and control
applications, etc have always motivated the rebeasc Satellite receiver is one of the

backbone systems in satellite communication channel

Any satellite uplink or downlink signal travel®rsiderably long distance and gets
contaminated by the channel noise before it reathéise receiver. As the signal attenuates
significantly (more than 150dB), the received sigmawer is so less that the signal seems
almost immersed in the noise floor. Hence, it bes®rmterestingly challenging to process
such weak signals received by the receiver. The&kywoesented here describes the analysis
and design of novel receiver front-end for Ku-baedtterometer for Indian weather satellite
OceanSat-3. Like many other bands, Ku-band is alentified for the satellite
communications as the atmosphere provides belov8dB8/M&m absorption in Ku-band
(considering worst case— at sea level) [1]. Fid. 4hows the typical receiver front-end

architecture which is applicable to satellite reees also.



Antenna LNA Mixer IF Filter

—IF

o

&)

LO
Fig. 1.1. Typical receiver front-end architecture

1.1 Organization of the thesis

The work presented here is organized in the iolig way. The relevant theory and
literature survey for the LNA, mixer and LO is gad out and presented in chapter 2.

In chapter 3, Ku-band three-stage low noise diaplis designed and analyzed.
Analysis is carried out for the multistage desigrorder to minimize the noise figure. Circuit
input referred noise is analyzed using resistorpenature noise sources, and intrinsic and
extrinsic parameters of the sixteen element GaABIHEevice. Both the low noise amplifiers
are fabricated and tested in Ku-band.

In chapter 4, we have presented a modified ssmadl rat-race coupler for the mixer
application. This chapter focuses on Ku-band moesign to achieve linear and wideband
response. Two-stage multiband-reject IF filter esigned and simulated to suppress the
unwanted intermodulation products.

Chapter 5 describes the design and analysiswoptmwver low phase noise VCOs as
LO. Two different new topologies of the negativeistance VCOs at Ku-band are proposed.
Novel resonators for the oscillators are proposedirider to achieve better phase noise
performance. The circuits are fabricated and measent results are presented.



Chapter 6 describes the conclusions and the stigge for the future work.
Appendix A describes the abstract noise representat the system with cascaded low noise
amplifier. While appendix B focuses on the detailesistor temperature noise representation
considering the device distributed model for thed¢hstage LNA.



Chapter 2

Theory and Literature Survey

2.1. Low noise amplifier

Low noise amplifier is the most important buildimlock of the communication
channel. As it is placed just after an antennagmaicg to Friis formula, LNA’s noise figure
dominates over the noise figure of the followinggsts. The noise factor of the cascaded
systemFsysis given by, [2]

F R+l -1, Fo-1
G GG GGG

Where, Fi= Noise factor of thé" stage
Gi= Gain of theé" stage
i=1,2,3,...

The LNA receives very weak signals and ampliffesm with considerable gain and
extremely low noise to preserve the required SignaNoise Ratio (SNR) as well as to
improve the receiver sensitivity. LNA challengingsign trade-offs to be taken care off are:
gain and input matching vs. noise figure, lineavisy noise figure, stability vs. noise figure,
etc.

The stability of the amplifier is very importanonsideration in the design. Stability
implies the resistance of an amplifier to oscilldibe conditions for the unconditional stability

in terms of reflection coefficients (as definedHig. 2.1) can be written as, [3]

Irs|<1
<1



- S,SI
|rIN| = §l+1_§2rl_ <t (1.4)
_ S5 s
|rOUT| = %2"'1_ ST <t (2.5)

Active
Device /
Two Port S-
parameters

Input Output
Matching Matching | RFour
Network Network |

s T Four T

Fig. 2.1. Typical single stage amplifier

The amplifier shows negative resistance at threesponding port (refer Fig. 2.1) if

the reflection coefficient in any of the equatiofis2)—(1.5) is greater than 1. Negative

resistance leads to unstability and oscillatiortss hegative resistance can be compensated by

applying appropriate additional external resistoth@ corresponding unstable port. Stability

of the amplifier can be ensured if the source aadi Istability circles are not intersecting the

Smith chart. Source stability circle,(Cs) and load stability circler(,C.) can be plotted as,

[3]

rs = 8122%1 5 ,Cszw ...... (1.6)
[Sul" 14 S~

= Slzzgl 5 7CL :M ...... (1.7)
Sl -1 |Sd-14

Unconditional stability will give stability factd{>1 and A|<1. [3]



where,

D 1 (1.8)
28,8
A=8,8,-%% (1.9)

Once the device is made stable, the simultaneoungugate reflection coefficient

solutions/ s and/ . are to be presented at the input and the outptifgrathe case of power

amplifier. [3]
where,
oBEyE-4l (1.10)
2C,
Fo= Bty g-4c (1.11)
2C,
B =1+ -[s)™-]2 . (1.12)
B =1+|S,[-|s{-o> . (1.13)
C=3,-4 %2 ...... (1.14)
C,=S,-AS, (1.15)

However for the low noise amplifier, the inputrploas to be noise matched instead of
power match. The optimum value of the reflectioeftioient presented at the input port will
result into minimum noise figure at the cost of ueed gain. Analysis of the optimum
reflection coefficient requires the knowledge gbui referred noise. Input referred noise can
be represented in terms of device intrinsic andiresit parasitics. Hence the analysis of the

minimum noise figure requires parasitic extractions

Selection of the device used in LNA plays a alcodle. At high frequencies, High
Electron Mobility Transistor (HEMT) devices are famble. A simple microwave HEMT
temperature dependent noise model was demonstraféld Minimum noise temperature and
optimal source impedance minimizing noise measwa® derived. For the same, three types of

noise representations were considered in [4]:



1. Y-matrix representatiorG;, Gy, pc

where,

. |2 2 L ke

G, = [ G, = | p, ==
YOAKTAT P AKT AT TY [ 2
i [

where,
G; andG; are the input and output conductances respectively

P. = noise correlation coefficient

i1,io are the current noise sources at input and ouéspectively
k = Boltzmann's constant

Af = incremental BW

To = standard temperature in Kelvin

2. ABCD-matrix representatiomR,, g, pc

where,

“aaar ST aaar AT e (1.17)

R,

where,
e, andi, are input refereed voltage and current noise ssurespectively
R, andg, are the input noise resistance and input noisdwxance respectively

3. Representation in terms of noise temperalyreptimal source impedang,, and noise

conductance
For generator impedanag =R, +jXg, and minimum noise temperatufgin,
g 2 _ Zopt -2
= C+ T 20 - r = >
Tn Tmln TO Rg Zg ZOpt‘ ’ opt Zopt + ZO ...... (118)

where I, = optimum value of reflection coefficient leadingrtonimum reflection

coefficient



While [5] discusses the noise parameter modellofg HEMT and Metal-
Semiconductor Field Effect Transistor (MESFET) ddesng resistor temperature noise
sources. The model proposed was based on theuhoeerelated noise sources located at the
intrinsic transistor, which were assumed to showtevépectral behaviour.

Methods of analysis for the device behavior carbloadly classified in two parts.
First is the load-pull measurement technique. Esuthe load-pull set up, in which load
impedances are varied considering the availableepoim order to understand the device
behavior as a function of frequency. Second isdble FET technique. It requires the S-
parameter measurements of the device in cold-¢tdtestate) by driving the device gate

below threshold voltage.

Two-port equivalent circuit of the GaN HEMT wiihtrinsic and extrinsic parameters
is studied in [6]. Using measured noise parametdrsgattering parameter data, gate and drain
noise sources were determined. Three noise mechsinigre identified and studied, namely,
those due to velocity fluctuation, gate leakagel, aps.

While in [7] another method was proposed for éasignal model extraction. The
large signal model is based on small signal modets/ed at different bias conditions. A low
gate bias parameter extraction was proposed inhi¢h does not require to bias gate at a

higher voltage to extract the parameters, espg@allasitic inductance and resistance.

A new parameter extraction approach was preseme@®], [9]. Extraction was
carried out by identifying high quality initial pmeter values derived from cold S-parameter

measurements and then applying them to the optiiorzalgorithm.

The typical noise parameters including minimumisaofigure NFni), noise
equivalent resistanc&(), optimum source reflection coefficient,f) and associate gais§)
at different temperatures were measured and tlegertlencies on temperature were modeled

by a linear or a quadratic approximation and presem [10]. While, nonlinear large signal



scalable model was developed by revising Angeldwa{@ers) model and it was discussed in
[11].

However, all of the referred literature presetite noise analysis and parameter
extraction for the device only. We have taken fertthe cited work to analyze the noise
extending to the circuit level from the intrinsieuice level. We have represented the input
referred noise in terms of extracted parameterd,tla@n the conditions are analyzed in order

to achieve the minimum noise figure.

2.2. Mixer

Mixer mixes RF signal coming from LNA with the L€)gnal in order to generate the
IF. Fig. 2.2 shows the typical singly balanced pesmixer [L2]. Mixer uses 99 or 180 3dB
coupler to combine the RF and LO signals. Outputhef coupler is fed to the pair of anti-
parallel diodes. Nonlinear operation of the diosl@iiven by the LO power as typically, the
LO power dominates over RF powes. andL, are the inductors to provide DC return for the
diodes. Mixing operation generates ideally infiroteler intermodulation frequency terms, in
general (x fkex mf o) wheren andm are the integer numbers. However the desired ierm
only thefir, which is fgr — fLo|. Lf andC; are the low pass IF filter components to extratt o
the desired IF from the intermodulation products.

L
1D7

RF —
Ly
180° Hybrid T"’"‘—”:

I

A
LO —

L, b,

Fig. 2.2. 180 singly balanced passive mixer. The diodesabd B can be unmatched diodes or
complete, individual, single-diode mixers. The nmigan be configured with either the sigma or delta
port as the RF; the other is the LO [12]

In Fig. 2.3(a), consider the equivalent modeltf@ mixer shown in Fig. 2.2. As RF
is applied taz-port of the 180 hybrid, RF signal\{(rr) coming to the diode is in phase. While



LO is applied taA-port, hence, LO signaV(o) is 18@ out of phase at the output ports of the
hybrid. Locally generated oscillator signal has tloese componentd/f) present which enter
through the port in the similar way as the LO slghwever, no external dc bias is applied
and the diodes are driven by the signal power onlyie case of passive mixers. Fig. 2.3(b)
shows LO power driven diodes configuration. It tenseen that the LO noise is 1&ut of
phase, and gets cancelled at the IF. Hence, plgrfealanced coupler design in the mixer
ensures LO noise cancellation. Mixer port isolagiamd wide bandwidth also directly depend

on the coupler design. Hence, coupler plays a akuaie in the microwave mixers.

Vio,Vihe—m Vi -—
—> Vre — Vrr
D1 D1
——IF —IF
D2 D2
1
l N
— Vre — Vrr
_>VL07 Vn - Vn
(@) (b)

Fig. 2.3. (a) Mixer equivalent presentation (b) h@ise cancellation [13]

Conventional couplers may be divided into twoegaties: coupled-line couplers
(backward, forward) and tight-couplers (e.g., bhalee, hybrid ring, and so forth). While the
former are limited to loose coupling levels (tygigaless than —3 dB) because of the
excessively small gap required for tight couplitige latter are limited in bandwidth (i.e.,
typically less than 20%). [14]

After Veselago [15] conceptualized and proposedibte negative left handed
structures in 1968 which was later experimentadsified by Smith, et al. [16] and Shelby, et
al. [17] in 2000 and 2001 respectively, it openedan interesting emerging field of research
in unconventional metamaterials. Later, Planarribisted structures, which support left-
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handed (LH) waves were presented and their negedivactive index (NRI) properties were
shown theoretically, numerically, and experimentail [18].

However, the use of couplers is often problemasianany wireless systems operate
in two frequency bands or operate in wideband, #mg require dual-band or wideband
components, such as the use of two hybrid ring lessipFurthermore, the need for small and
light-weight systems lead to the desire to emplompact components in front-end systems.
The operating frequency and the physical dimensadribe structure make it challenging to
design a compact dual-band component based on mimwval methodology. Compact dual
band metamaterial based hybrid ring coupler wapgeed in US patent [14, Dec. 2011] by
Itoh, et al. However, the designed coupler usegpadrinductors and lumped capacitors in left

hand transmission line. All the four ports haveadplitting as shown in Fig. 2.4.

4
5 Port 3)

Fig. 2.4. Metamaterial based rat-race coupler egadn [14]

Similar is the case in [19] where wideband snsatke coupler using slow wave
structure and metamaterial was analyzed and des@n2GHz. Slow wave structure lines are
designed for three of the four branches in the ups shown in Fig. 2.5(a). While,
miniaturized metamaterial line is placed as a fdstanch of the coupler as shown in
Fig. 2.5(b). At the design frequency of 2 GHz, #iee of the proposed coupler is about
2.0 cm X 2.0 cm. In addition, the phase balancedWadths based onlS,; — 0S;; (0°£10°)

andSy, — [0Sz, (180°£10°) were 150 and 125% respectively.
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Port 3

() (b)

Fig. 2.5. Rat-race coupler using slow wave lined 8] (left three lines) and meta-line (right o)
(a) Layout (b) Fabricated rat-race coupler

Novel, miniaturized dual-band symmetric direcibncoupler using composite
right/left-handed transmission structures was amalyfor dual-band at 1GHz and 2GHz in
[20], the same is shown in Fig. 2.6. Designed dhaadel 90 and 180 hybrids achieved 10%
and 43.7% size reduction, respectively, compare@aiventional microstrip couplers. In
addition, the fabricated 18ybrid was shown to have enhanced bandwidth pegnce in

both isolation and 3dB magnitude balance.

A coupled line coupler in 1.7-2.5GHz range witlc@ar split ring resonators etched
out in the ground plane was discussed in [21] asvehin Fig. 2.7. The results of simulation
and measurement showed that the coupler achieveghadegree of coupling (nearly 3-dB
coupling) over a wide frequency band (38.1% retabandwidth).

iz Fig. 2.7. Structure of Complementary Split
Fig. 2. 6. Metamaterial based compact Ring Resonator (CSRR)-based directional coupler
dual-band 99 hybrid coupler in [20] in [21]
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Similarly, symmetrical coupled line direction gder based on four cascaded unit
cells of square split ring resonators was analya®d designed in [22]. Other kinds of mixer
design aspects are also noted, like in [23] sihglenced diode mixer exploiting cellulose-
based materials was discussed.

2.3. Local oscillator

Local oscillator contributes as an important @y block in the communication
systems. In receiver, it generates a frequencyebffem the RF in order to produce IF using

mixer. LO should provide the stable frequency wéhuired output power.

The theory and design of oscillators can alsoapproached using the negative
resistance method. If an active device is usedupiply an amount of energy equal to the
energy dissipated, the circuit can sustain osmhat The behavior of the active device can be

represented by a negative resistance in seriesawgtactance, as shown in Figure 2.8. [24]

i(t) —
X, (0)) + Xy (A’a))
v(?)
R, (a))g W - r § R, (A.v)
Z, (‘U) | |Z/.»\ (4.0)

Fig. 2.8. Negative resistance model for an osoitl§24]

The impedance of the negative-resistance activeelévrepresented by,

2,0 (A©)= Ry (A)+ 1%, ( A©)
where,R, (Aw)<0

The oscillator is constructed by connecting thévaatievice to the passive impedance, which

is given by,

13



Z (w)=R(0)+ X (@) (1.20)

If Ry (Aw)+ R (w)>o0then the circuit will not oscillate. [24]
The start of the oscillation condition is given [34]

Ry(Aw)+R(w)<0 (1.21)
The circuit will oscillate at the frequencyd) and amplitudeAy), where, [24]

Zy (A )+ Z (w)=0 (1.22)
Hence,R, (A, @)+ R (w,) =0and X, (A, @)+ X (e,) =0

The sustained oscillations can be ensured by Nygtability test and checking the
Kurokawa condition [24]. The Nyquist test can beplagal to analyze the function
1 -I'n(jw) I'.(jo) by determining the encirclements of the pdin(jw) ' (jo) = 1, where,
I'n corresponds t@y and/ (jw) corresponds t@, [24]. Kurokawa condition [25] is given

as,

R, (A  dx (o)) X% (A

oA |A:AJ dw |M0

As VCO provides the frequency tunability in ordergenerate the required IF, low
phase noise VCO is used as a LO in our case. Rimse of the oscillator depends on the
resonator used in it. Hence, resonator design @aysnportant role in the oscillator design.
Any oscillator requires high-Q resonator in ordeathieve low phase noise and so frequency
stability. At high frequencies, dielectric resonat@re preferred as they have very high-Q.
But, one of the drawbacks of the dielectric resonaiscillator is, they are bulky in size.
Introducing small size planar resonators in theuiirrather than the conventional dielectric
resonators, drastically reduces the cost of faboisand time to market.

The published works cite different VCO topologieith various resonator structures.
Such as, simultaneously small size, low phase ntise DC power consumption and low
thermal drift VCO was designed and discussed if}. [2€0O operating around 3.4GHz was
discussed, which uses a varactor diode at the esnoft a bipolar transistor as shown in
Fig. 2.9.
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A method for the design of a low phase-noise golarscillator based on a compact
low-noise active elliptic filter for its frequencstabilization was presented and discussed in
[27]. The phase noise of the oscillator was sigatftly reduced by taking advantage of the
low-noise characteristics of the active filter simow Fig. 2.10. The filter occupies a relatively
small area, making it suitable for the fabricatafrvery compact low phase-noise oscillators.
The oscillator, operating at 8.1 GHz, achieves asueed phase-noise of —150 dBc/Hz at
1 MHz frequency offset with 10 dBm output power.tBurequires 160mW of dc power
resulting in low dc to RF efficiency (6.5%).

Similar way, as shown in Fig. 2.11, the four plotendpass elliptic filter for oscillator
was proposed in [28]. At the oscillation frequemy8.05 GHz, the measured phase noise is
—122.5 dBc/Hz at 100 KHz offset frequency. The lksor exhibits an output power of
3.5 dBm with dc to RF efficiency of 10%.

Now instead of passive filters, active elliptittelr (Fig. 2.12) was presented as a

resonator in [29]. The oscillator, operating at 8z5 shows a measured phase noise of
—150 dBc/Hz at 1-MHz frequency offset with 10-dBotpmut power.

3.4GHz VCO —

Port 1 .
ort 1

-? s

Port 2

Fig. 2.10. Compact elliptic filter structure as a
Fig. 2.9. Circuit diagram of the 3.4GHz VCO in [26] resonator for oscillator, proposed in [27]
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9.9 mm

-

Fig. 2.12. Active four—pole elliptic-response
bandpass filter designed for low phase-noise
oscillator applications. [29]

C
-

Fig. 2.11. Four-pole elliptic filteas a resonatdor
oscillator, proposed in [28]

! 12.4 mm

]
e

An X-band VCO was designed by employing a compacable high-Q negative-
resistance resonator and presented in [30] (FIg)2The fabricated VCO operates at 8.2 GHz

with 105 MHz tuning range.

Similarly, a harmonic voltage controlled oscilatusing planar hairpin resonator
structure as shown in Fig. 2.14, was designed amskbpted in [31]. It has 5dBm output power

at 11.17GHz with 6V varactor bias.

1 Input

I reflection

ohms
1
1 coefficient i in
[ etwor ?
3 s

] 2

Fig. 2.13. A reactively terminated dual-mode
active filter used as a high-Q negative-resistance Fig. 2.14. Hairpin resonator layout with two
resonator for oscillator designs. [30] 50Q coupled microstrip lines. [31]
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The Multi-Coupled Line Resonator (MCLR) basedikstor/VCO was discussd in
[32]. MCLR is promising alternative of dielectriegsonators, and supports better noise

performance than commercial available higliquality factor) dielectric resonators.

While in [33], a low phase noise X-band push-pU§lO with microstrip resonator is
discussed. The measured oscillation frequency vees 9.166 GHz to 9.583 GHz. The peak

output power of the push-push VCO was —10dBm.

A low phase-noise oscillator using a microstrigection bandpass filter (shown in
Fig. 2.15) was designed, fabricated, and experiatignterified in [34]. The trisection filter is
mainly treated as a frequency stabilization elemeamd then embedded into the feedback loop
of the oscillator. The oscillation frequency of th&cillator was designed at 2.46 GHz, and the
measured phase noise is —144.47 dBc/Hz at 1 MHefifequency. Moreover, the developed
VCO has a frequency turning range from 2.497 t@2.6Hz. Over this frequency range, the
measured phase noise is from —127.47 to —138.4/HiBat 1 MHz offset frequency.

Fig. 2.15. A feedback oscillator using microstrgndpass trisection filter [34]
A wideband VCO using microstrip combline bandpfibsrs is presented in [35].

The developed oscillator with the three-pole comliilter was experimentally demonstrated
at 2.05 GHz with —148.3-dBc/Hz phase noise at 1-MHget frequency. The developed VCO
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has a frequency tuning range from 1.3 to 2.2813 @ik a 54.8% bandwidth. Over this
frequency range, all the phase noises measuredViiizl offset frequency are better than
—117.19 dBc/Hz.

A low phase-noise microwave oscillator (Fig. 3.1#ased on a hairpin-shaped
resonator (HSR) using a composite right/left-handeshsmission line (CRLH TL) was
proposed and analyzed in [36]. The HSR consiste@tonventional transmission line (CTL)
and the CRLH TL. The proposed HSR has a very cotngiae of 0.10%; X 0.19. An
oscillator based on the HSR was designed, fabdcated measured. At the oscillation
frequency of 4.95 GHz, the measured phase nois€28.5 dBc/Hz at 100 kHz offset with
4.93 dBm output power.

2

2L,

DC block
uetwark

HSR using
CRLH TL

output matching
network

series feedback
network

resonator circuit device circuit

(€) (d)
Fig. 2.16. (a) Hairpin shaped resonator (HSR) laybuHSR equivalent circuit (c)Microwave
oscillator circuit schematic based on HSR (d) fedited oscillator. [36]
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Chapter 3

Low Noise Amplifier

This section describes the design and analysiseothree-stage LNA. The aim is to
analyze, design and improve the performance pammaeif three-stage LNA. We have
presented a cumulative approach of two-port mauglland noise extraction. We have
extended the work to the multistage circuit levehlgisis from the device level analysis— using
Y-matrix representationQ;, G, pc) [4], and noise parameter modeling using resistor
temperature noise sources [5] (as discussed imoBe2tl). Two-port multistage analysis is
carried out. The work presents the extraction asejoconsidering intrinsic and extrinsic
parameters. We have modeled and analyzed the iafarted noise of the LNA in order to
minimize the noise figure. For the same, sixte@ment device distributed model with all
possible inherent resistor temperature noise seuasoe considered in the analysis. We have
analyzed the LNA considering gain-constrained-nojsmization, extrinsic device parasitics,
stability resistor and matching networks to the tnetage for the multistage design
considerations. We fabricated and tested two diffedesigns of the LNA. In design-1, we
analyzed the typical single stage LNA and then redee the same for the three-stage design.
In design-2, we minimized the input referred ndigemaking the correlated noise ideally
zero. We considered stability-gain-noise figuredéreoff and the gain constrained noise
optimization. Results are presented showing theorgments in the design-2 over design-1.
However, the improved design-2 results are alsopewed extensively with the relevant work
published in the Ku-band LNA. It was found that fimal design has the simultaneously better

performance parameters compared to the existingrdes
As the received signal by satellite on-board iremeis highly attenuated, three-stage

design is considered for the high gain requiremEig. 3.1 shows the proposed three-stage

low noise amplifier circuit. Each stage input andput impedances are mentioned.
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Three-stage LNA has three active devices, twerstdge matching networks, input
matching network and output matching network. Ingnd output impedances before and after
each stage are shown in Fig. 3.1, L1y, Li3, L14 along withCy3, Ci2 and, stub distributed
elementsLy;, Csn form an input matching network. Same way the Bitgge matching
networks and output matching network are shownto Lgz, Cy to Cyz andRy to Ry form
the gate bias network for all three devices. Siryijadrain bias networks are shown in the
figure. Ci,, Cour Cp and C, are the dc blocking capacitors having Specific dRagace
Frequency (SRF) at the desired Rk to Ly are very small inductances to model the

transmission lines between the device sourceshandround.
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Rstab1 Rstab2

ZiN. Z'our. Zout, ZIN. Z'our: Zour. ZIn: Z'our: Zour:

Fig. 3.1. Schematic of the analyzed three-stagb&nd low noise amplifier



3.1. Abstract noise representation of the three-stage LA

An adequate resistor connected to the input tputucan stabilize the amplifier. We
have analyzed the noise figure considering theilgyatesistor. It is desirable to use stability
resistor at the output stage rather than the inpuavoid the noise amplification. Fig. 3.2
shows two different configurations to stabilize tbe noise system. Series and shunt stability
resistor are connected to the output (port-2) efdystem.

Rslab
System —AAAN—O System

T

222

Series stability resistor Shunt stability resistor
configuration configuration

Fig. 3.2. Series and shunt stability resistor quntation

If Rstap IS the stability resistor and if port-2 has thepow impedance,; then, for
series stability resistor configuration, noise éaét may be calculated as,

F = 4kT(| ZZZ| + I:gtab) =1+ &tab
AKT|Z,| |2

Equation (3.1) implies that the noise figure canrbduced by keeping the series stability

resistor as low as possible.
While for the shunt stability resistor configuoat, the noise factor may be calculated

as,

:i4kT (| 222| || Fétab) :i Rstab :[Rstab+|222|j2 I%tab =1+ | ZZZ| (32)
A/Z 4kT| Z22| '% |%tab-i-| %2| Igtab I%tab-i-| g| lgtat

Equation (3.2) implies that the noise figure carrdmuced by keeping shunt stability resistor

as high as possible.
However series stability resistor is considered in the designréduce the design

complexity. On the other side, shunt stability sesmi requiresA/4 high impedance
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transmission line (TL) (around 180pum on aluminassate) which shows an open circuit at
the desired RF and does not allow RF to bypadsetgitound.

Now, we are going to analyze the noise figureerms of gain and, input and output
impedances of the each stage considering Fig 3y @evice channel noise is taken into
account noting the fact that in device, channetrnifa noise is the only dominating noise

source amongst all of the others [37]. The devideanoel noise is given by
E = 4T (yg,,) Af where, channel noise coefficients greater than 2/3 for the short channel

(<1pm) devices. [37],[38],[39]

For three-stage LNA, noise factér may be represented as follows, (Refer to

Appendix A for the analysis)

2 2

—_— 2 —_— 2
(IleZ )Rstti Vo (|§Qz j : Ry + Vi
oun ZOUT + &taq taly [e]8) 7} ZOUT + %aq taty
F=1+ l2 + 2 - 2
Z|Nl A,ZVZ_ | Z|Nl | A2| Z|N2 | Az?
R+Z| ™ R+ Zy| | Zoug+ Zy| =
2
— 2
('nzDa z j o
e ZOUT3 + &taté -
2 2 Z 2
| INy | AV2| Zn, A IN | Af?@ ..(3.3)
R+Zy| | Zowg + Zy| | Zoup* Zn|
where,
Rs = Source resistor
InDm = Effectivechannel thermal noise present at the output ertieah™ stage
device. It is a function of channel thermal naige
Rstabm = Series stability resistor connected at the do&ithem™ stage
V"fRstabm = 4Rg¢qp, kT = m™" stage stability resistor thermal noise
ZiNm = m" stage input impedance
ZouTm = m" stage output impedance considering stability tesiand matching
network
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Z'ouTm = m" stage output impedance without considering stgbilésistor and
matching network
Aum = Unloadedn™ stage voltage gain

Equation (3.3) is analogous to the Friis equatibd). Equation (3.3) can also be
extended for the multistage amplifier, in generdhwn stages. As expressed in equation (3.1),
the stability resistor connected in the serieshat dutput of the each stage contributes the

additional noise oF =1+R,. /| Z,,| to the system’s overall noise figure. However itaken

care of in equation (3.3).

3.2. Ku-band three-stage LNA designl

For single stage amplifier topology, source avatllstability circles at 2V/15mA are
presented in Fig. 3.3. Source and load stabilityles can be plotted using the equations (1.6)
and (1.7). From the Fig. 3.3 it can be concluded tihe LNA is potentially unstable.

RI
01X50=5Q —_
series resistor

Sl 3l

EEal 3/

IEER
l 4150= L mS\
A\~ (125Q shunt
' <, _JXesistor)

i
0.18X50=9Q
series resistor

—0%

Load Stability
Circle

Source
Stability Circle

Fig. 3.3. Analyzing required stability resistor fingle stage LNA
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Stability analysis shows, for single stage amp, 9Q output series stability resist
is enough to achieve the unconditional stab However, 10Q (Vishay Dale 0805 [40]
stability resistoris usedin the design, in order to avoid thedesired oscillations consideri
fabrication tolerance and temperature variabiSingle stage LNA is extended for the tt-
stage design. Fig. 3ahc 3.5 show the simulated and measurguameter and noise figu
results of the threstage LN/ 1QQ series stability resistor onnected at the output port
the each stage in the th-stage LNA. Meas@ment at desired frequenc13.515GHz) show
25dB gain and 1.76dB noise figure with 90mW powensumption for thre-stage design.
Measured input return loss is arou—7dB which is almost adequate for LNA, but furtl
improvement iglesirabl. Measured output return loss i84€B which provids robust power
match at the output stag-52dB measured isolation ensures unconditional Igtaland
eliminates any chances of oscillatiSimulated and measured results hvery good match

which can be seen from the Fig4 and Fig. 3.5.

Simulated and Measured S-parameters

40
—hd—- Gain_sim
—
2 =@—Gain_mes
oL f_ Max_Stable_Gain
@ 20 [ —e— e —a—IRL_sim
-40 F =&~ IRL_mes
60 % v * <%= ORL_sim
.80 . . . . . 4=ORL_mes

13 132 134 136 138 14 ¥ lIsolation_sim

A .
Frequency (GHz) Isolation_mes

Fig. 3.4 Simulated and measure-parameter results of Kiiand LNA (design-1)
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Noise Figure

19 -
18 M
17 - —
16 -

Simulated
15
14 =i—Measured

dB

13

1'2 1 1 1 1 J
13.45 13.48 13.51 13.54 13.57 13.6

Frequency (GHz)

Fig. 3.5 Simulated and measured noise fi¢ of Ku-band LNA (desig-1)

Device’s performance is measuredthe test jigwith 50Q terminationsat different
bias conditions in 13 4GHz ban. Fig. 3.6 and 3.&how device gain and noise figt
respectively. It was found that the device has rtfieimum noise figure and high gain
3V/15mA. The device used here the Infineon Technologies’ CFY¢-08P [41] Gallium
Arsenide (GaAsHEMT.

Measured Device Gain

11.2
—&—3V15mA
—#—3V10mA
10.6 2V15mA
= —%—2V10mA
m
% 10.0
o
9.4
8.8 ! !
11 12 13 14 15
Frequency (GHz)

Fig. 3.6. Measured device gain vs. frequency foious operating poin
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Measured Device Noise Figure

1.32
1.29
1.26
g 1.23
LL
z 1.20 —¢—2V10mA
1.17 2V15mA
1.14 —— 3V10mA
——3V15mA
1.11
11 12 13 14 15

Frequency (GHz)

Fig. 3.7. Measured device noise figure vs. fezmy for various operating points

In space, temperature changes rapidly. Conseguére bias resistor values changes
which results into fluctuations of bias operatingrp. Change inVps-p affects in the active
device’s high frequency performance which can baly@ed by S-parameter variations.
Hence, there exist a possibility of the circuit dwming unstable and oscillating or it may at
least degrade the noise and gain performance. Témperature change and so the bias
variations have disastrous effects on the circupsrformance. The designed LNA
performance is briefly analyzed in terms of the@éasignal and small signal nonlinear effects
and presented in Fig. 3.8 to Fig. 3.17. Sensitiahalysis is carried out with respect to
different parameters; operating biss—p, and input signal RF power. It is found that the

proposed design is robust against the RF poweatians.

Measured LNA gain at 13.515GHz as a function afhestage operating bias is
presented in Fig. 3.8. It can be seen from theltethat at 35mA drain current, LNA exhibits
large signal gain compression by 1dB from its maximvalue. However, devices in the
circuits are biased at < 55mA to avoid break dowt ® handldpc. At 20mA, circuit shows
2dB more gain when drain is biased at 3V rathen . Fig. 3.9 analyzes the effect\éfs
andlp variations on the measured noise figure. In cdanigth the Fig. 3.6 and 3.7 describing
device measurements, it is understood that theitsbows lower noise figure with 3V drain
bias. NF drops to minimum possible level below B.Zohd then again starts increasing @s |
increases. From the Fig. 3.8 and 3.9, it can beluded that where circuit achieves better

gain well before the large signal compression, murh noise cannot be achieved. It is a gain-
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noise trade-off at the same frequency. Measured gad noise figure, as a function of
frequency and operating bias, are shown in Fig0 &fhd 3.11 respectively. As LNA is
designed to operate at 13.515GHz, measurementtgesbbw excellent agreement by
achieving minimum noise figure and maximum gainuacthe desired frequency for all the
operating biases. As the input port is noise matcain is desirably shifted a little to achieve
minimum noise. While in measurement, it is alsonsémat the circuit has noise figure below
1.5dB when devices are operated around 40mA atdbeof large signal gain compression

resulting in nonlinearities and lower gain.

Measured GainG(Vpg,lp) at 13.515 GHz

30
—#—\Vds=3V
27 —o—\Vds=2V
g 24
=
S 2
18
15 1 1 1 1 1 )
0 10 20 30 40 50 60
Ip (MA)

Fig. 3.8. Measured LNA gain vs. operating biasggasignal gain compression)

Measured Noise FigureNF(Vpglp) at  13.515 GHz

19
—o—Vds=2V
1.8 + —#—Vds=3V
s 17
=
Z 16 -
15 |
1.4 1 1 1 1 1 J
0 10 20 30 40 50 60

Ip (MA)
Fig. 3.9. Measured LNAIF vs. operating bias (Trade-offtF;, cannot be
achieved where gain is maximum)
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Measured Gain vs Frequency For Different OperatingPoints
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Fig. 3.10. Measured LNA gain vs. frequency fiffedent operating points

Measured Noise Figure vs Frequency For Different

25 Operating Points =— 2V10mA
) ——2V15mA
2.1 —»—3V10mA

3V15mA

2.0
1.9
1.8
1.7

1'6 1 1 1 1 J
12.8 13.0 13.2 13.4 13.6 13.8

Frequency (GHz)
Fig. 3.11. Measured LNA noise figure vs. frequefor different operating points

NF (dB)

Now, small signal input power variations and tteffects on the circuit performance
is analyzed. In this section, devices in the LNA brased all the time at 2¢5mA. All the
measurements are carried out at 13.515GHz operfaéiggency. Measured gain as a function
of small signal RF power is presented in Fig. 3.M2asured 1dB gain compression is
—17dBm. Fig. 3.13 shows%order intercept pointPs) measured result. Two tones at 10 KHz
apart (13.515GHz and 13.515010GHz) are appliedgublarda [42] power combiner to
generate the intermodulation products. Measur8@doBler input intercept pointllP3) is
—4.2dBm and "8 order output intercept poin®(Ps) is 20dBm providing good linear response.
Fig. 3.14, 3.15 and 3.16 show the effect of inpktdynal power variations on the input return
loss, output return loss and isolation respectivitlis seen that the designed circuit is robust

and does not show much variations against suchineaml effects. Fig. 3.17 represents the
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stability factor as a function of RF power. As saa the nonlinearity becomes significant
after —-10dBm RF power, stability factor increaddsimum stability factor (>1) is achieved
at the operating frequency which proves appreciableuit design as high stability factor

ruins the gain. However the circuit is found stabbe the device’s complete operating
frequency range 0-20 GHz.

Measured 1dB Gain Compression at 13.515GHz

24+

23~

Gain (dB)

2 1 1 1 1 J

-32 -27 -22 -17 -12
P, (dBm)

Fig. 3.12. Small signal RF 1dB gain compressidti’fiBm)

Measured IP,

30
0
c% -30
Z
n:é -60 —o— Fundamental Tone Power (dBm)
—6— Third Order Power (dBm)
-90 Linear (Fundamental Tone Power (dBm))
Linear (Third Order Power (dBm))
-120 T r . A . :
-60 -50 -40 -30 -20 -10 0 10

P, (dBm)
Fig. 3.13. & order input intercept point-¢.2dBm) and
output intercept point (20dBm)
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Measured Input Return Loss vs Input RF Power

6.4

Sy (dB)
&
(o)}

-6.8 1 1 1 )
-32 -27 -22 -17 -12

P, (dBm)
Fig. 3.14. Measured input return loss vs. inputd@iwer. Controlled
variations in input return loss stabilizes noiggiffe.

Measured Output Return Loss vs Input RF Power

-19.60
-19.65 |

-19.70 |

S;,(dB)

-19.75 |

-19.80 |

-19.85 ! ! ! !

-32 -27 -22 -17 -12
P, (dBm)

Fig. 3.15. Output return loss with respect to srsigihal variations
(Expanded scale on vertical axis)

Measured Isolation vs Input RF Power

Sy, (dB)

_60 1 1 1 J
-32 -27 -22 -17 -12
P,, (dBm)
Fig. 3.16. Isolation vs. input RF power. Steadyason ensures
unconditional stability.
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Measured Stability Factor vs RF Power at Different

Frequencies
201
—— 13GHz
—‘: 151 —&— 14GHz
% —#—13.5GHz
@
E 101 -
T%
i 51 Y —
* =
1 1 1 1 1 J
-40 -30 -20 -10 0 10
RF Power (dBm)

Fig. 3.17. Calculated stability factor from the me@ed S-parameter data.
Nonlinearity is significant after10dBm RF power which ruins LNA gain.

The fabricated high reliability (HiRel) three-geaLNA microwave integrated circuit
with space qualified technology is presented in Bid8. The circuit is fabricated on 25mil
alumina £=9.9, tanv=0.0007 at 10GHz) substrate. Metallization prodes&r-Cu-Au with
8um accuracy.

Fig. 3.18. Fabricated HiRel three-stage LNA micreev¢C (design-1)
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3.3. Analysis of LNA (design2) using resistor temperature noise

representation

This section focuses on the two-port modeling & three-stage LNA considering
intrinsic and extrinsic device parasitics. We hawedeled and analyzed the input referred
noise of the LNA in order to minimize the noiseulig. For the same, sixteen-element device
distributed model with all possible inherent remidemperature noise sources are considered
in the analysis as shown in the Fig. 3.19. Apamtnfthe typical device level analysis, we have
extended our analysis to the circuit level consmerextrinsic device parasitics, stability
resistor and matching networks to the next stagéht® multistage system. We fabricated and
tested design-2 of the LNA. In design-2, we miniedzhe input referred noise by making the
correlated noise ideally zero. For the same, wesidened stability-gain-noise figure trade off
and the gain constrained noise optimization. Resark presented showing the improvements

in the design-2 over design-1.

There are three assumptions for our analysis:

1. Device source lead inductance outside the packageegligible and so, no source
degeneration is considered. Device source is algeysnded which is also a requirement
for the two-port analysis. The assumption is valgl in the fabrication; device source is
immediately terminated with the ground. Henkg, Ly andLg in Fig. 3.1 are very small
and can be neglected.

2. Noise from the bias networks is not consideredhim @&nalysis. However, bias network
shows open circuit in the desire band.

3. Only thermal noise is considered in the analysisoteer noises like 1/noise, are

negligible at our frequency of interest.

For two-port noise analysis, gt andin, be the extracted noise sources present at the

input and output port of the noiseless system amdy. Forintrinsic device in Fig. 3.19,

extracted noise% and% may be analyzed as, (refer to Appendix B)
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T _7 7| 16y e I JaCyq
Inl Ings I ngd 1 . Rg Rg 1 R (34)
=+ Jaﬁgd s d| —— + Jacgd
d d
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7:'T+'2_ —jacgd =4&T i+ 1 jacgd
|n2 |ndS Ingd 1 ] Rj Rg 1 R (35)
-+ J&ng s d| —— 4+ Jacgd
d d

where,iZ g , 7,4 andiy ;. are the uncorrelated intrinsic noise sourcesveder,i;; andiy,

are correlated, which can be noticed from the eguai3.4) and (3.5).

. . . InZ,
InRg Ingd InRd N\
N

0 =AW\ — 9“
g (0} +
V2

|
Ry o l slyd Rgd Ry Ld D Rstab Network
Vx==Cygs
ings() i gmeﬁ”-VXCD Rds§ inds() Cds=

Ri
Rs inRs Intrinsic
Device
Ls
s

Fig. 3.19. Device small signal resistor temperanhaise model followed by stability resistor and
matching network to the next stage

o1 < ;ij\

ZMATCH

== Cpgs

= Cpds

Now, intrinsic device Y-parameter matrix is arzagt to be Y"]. By embedding the

extrinsic package parasitics t¥"], complete device Y-parameter matrix is analyzede

[,

where,

in in Xt xt
vl m Vl.g} and [ Y<] =[Yflxt Y_:;X} ...... @6)
Y21 Y212 Y;l 2

Parameters embedding analysis is presented in AppBn
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Correlated extracted input and output noise ®mikg andin, for the complete three-
stage noiseless LNA, considering device intrinsid &xtrinsic package parasitics may be

analyzed as a function of various inherent noisgcas and device parameters as follows,

iy =1nel Yol =Z nge— Z Lollvi vlzioz Zllvi |yl 24 7
n ngs g ngs ngsze nd nds ndze ngd g ngd nz

o Zags o Zoge o Zega . Zo o Zime:  Ziras
n2:_lngs Zg -l nds Zd + ngd ng-H nZ ZL-H nRs ZR # nRd ZRd-H nl% ------ (3-8)

e e e e e e

The values of various impedance and admittancanpeters used in the equations
(3.7) and (3.8) are presented in Appendix B. Theniidal devices and identical stability
resistors are considered for the analysis in afléfstages. Using equation (3.i§),andi,, can

be represented in terms ofput referredequivalent noise sources and v, as mentioned

below.
) Yext
T I 3.9
n nl n2 szixt ( )
i
vV, =t (3.10)

v
The analysis for the equations (3.9) and (3.1@yésented in Appendix B.

Proceeding further, the condition for the minimuwoise factorFq, is given by,
[3,37,39,43]

d(F
M = O ...... (311)
dG,
where Y= Yaln
VZ

n

Y=G.+jB is the correlation admittance, avig-G+jBs is the source admittance.
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Solution to the equation (3.11) giv€s= Gopr and Bs= Bop= —Bc. where, optimum source
termination admittanc¥,,=GopttjB opt.

Noise factoi in terms offFn,, and optimum value of the source termination can be
represented as, [3,37,39,43]

F= I:min +%|:(Gs - Gopt)2 +( Bs_ Bopt)2j| . (312)
i2 V2
wher =—=_ R=-1"
¢ G AKT i AKT

In equation (3.12), noise factor can be dividadterms of correlated noise and
uncorrelated noise. The teff,, represents the uncorrelated noise contributiorchvbannot
be made zero. The other term is the noise contoibuiy the correlated noise which can be
made zero by applying source termination admitta¥igge Hence, the optimum source
termination as analyzed in equation (3.12) leadthéominimum noise figure. However, to
achieve maximum gain it requires conjugate matckchvis not same as the noise match as
analyzed. Hence, noise match is achieved at theo€@®or input return loss, and hence poor
gain. To extract the parasitics in equations (ang (3.8), cold FET method [44],[45] can be
used. It requires the S-parameter measurementbeofdévice in cold-state (off-state) by
driving the device gate below threshold voltageoulin case, it is below -3V for CFY67 GaAs
HEMT. However, in our case, as the device genermdeh was available from the

manufacturer, analysis was carried out by simutadind optimum admittance was found out.

From the stability analysis for the single sta@§¢A (design-1) shown in Fig. 3.3, it
was concluded that(® series resistor at the output port is requiredtabilize the device
unconditionally operating at 2V/15mA. However, iasvfound that for multistage amplifier
design, the case is not the same. Addindarésistor at the output port of the each stage
achieves the stability facté&r much greater than 1. Consequently, it ruins the gad more
importantly it degrades noise performance. In cdsdasystem, the input impedance of the
following stage acts as the load impedance forptieeeding stage. So the effective stability
resistor to be presented at the output port ofetheh stage is far smaller tha@ 9vhich is

required if it would have been single stage des®&mability analysis proves that aroun@ 1
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resistor value is enough for the gain to reach hedéne Maximum Stable Gain (MSG), with
minimum possible noise figure and to achieve theouoditional stability. The factors like
temperature and bias variations inevitably resuthe device S-parameter fluctuations. So, to
be on safer side, IBseries stability resistor is used at the outpuhefeach stage.

In the equation (3.12), to make the correlatedenminimum (ideally zero), required
Yopt iS analyzed to bg17+j38) mS For the sameYyy , analyzedminimum noise factor
F= Fmir= 1.30 (noise figure is 1.13dB) at around 13.5GHXKu-band. Fig. 3.20 shows the
noise factor variation with respect to the sourdenitanceYs for 3.3 stability resistors.
Color bar shows the noise factor intensity disttitou Noise factor becomes minimum when
Ys =Yop NOW, let/smax be the reflection coefficient where gain is maximuwand/,: be the
reflection coefficient where NF is minimumgmaxcorresponds to the conjugate power match
while I'ope cOrresponds t&qy:. In this design/cmaxis analyzed as 0.84-143.08 and/ oy is

analyzed as 0.72130.63.

Noise Factor variation with respect to source admite

! T~ 1.33

1.335—
1.33
1.325—]
1.32|
1.315-]

1.31

1.305

13
150

Source susceptance Bs (mS)

Fig. 3.20. Noise factor variation with respecthe source admittanog (Rsar=3.X2, design-2)
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Fig. 3.21 shows the gain constrained noise opéitian for three-stage LNA with
each stage operating at 2V/15mA rating. Only réifbeccoefficient’'s magnitude is considered
in the graph, however angle of the reflection doedht also affect the gain and noise figure
significantly which directly implies from Fig. 3.20

Effect of ', variation on NF and Gain

3 : : : : : 34

2.7 | 13

432

24 4 31
F 21 - 130 ¢
;:, 429 3
z 18 —O—NF 18 8

15 F —{—Gain 4 27

4 26

1.2 + | 5

0.9 - - - - ' - ' 24

0.7 072 074 076 0.78 0.8 082 084 0.86

Iy (mag)
Fig. 3.21. Simulated Gain-NF trade-oR.£=3.2, design-2)

As mentioned in equations (3.7) and (3.3), and Z',. depend on the stability
resistor. So, if stability resistor decreasgsandin, also decreases. It improves noise figure
performance with simultaneously providing uncormfiil stability in the device operating
range 0-20GHz. We designed new Ku-band LNA (deggnepology considering the
stability resistor optimization (33 0402 by Susumu [46]), gain-constrained noise

optimization and analytical aspects presentedlecten of Yy, to make correlated noise zero.

Fig. 3.22 to Fig. 3.27 show the measurement t®saf various performance
parameters for the LNA design-2. Measurenmentsanéed out at 13GHz in Ku-band when
each stage is operated at 2V/15mA. Measured nmaeefis 1.46dB. Gain constrained noise
optimization ensures a gain of 30.1dB with verydje@7dB output return loss. Input port is
noise matched giving —12.8dB input return losshds a very good isolation of —56.7dB
ensuring the unconditional stability of the circuesigned circuit is robust and gives
considerably good results even at very low biaditmms. Fabricated amplifier is also tested
with each stage operating at 1V/2.6mA. The measnosk figure is 2.14dB, gain is 26dB
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with —9dB input return loss and —18dB output retlass. Isolation is better than —60dB. It
results into DC power consumption as low as 7.8mW.

Measured Noise Figure

6.0
50 Vs
—=— Measured Vs
o 40 /
c) —O0—NFmin ./
L 30 f
Pz
2.0
1.0 |
0.0
12 12.5 13 13.5 14 14.5 15
Frequency (GHz)
Fig. 3.22. SimulatetllF, for I,,; and measured NF (1.46dB)
Measured Gain
40
“1 /\
)
K
£ 20 r
©
o
10 +
0
11.5 12 12.5 13 13.5 14 14.5
Frequency (GHz)
Fig. 3.23. Measured gain (30.1dB)
Measured Input Return Loss
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2+
4 F
g 57
— _8 -
@ -10
_12 -
-14 i 1 1 1 1 1 J
-16 -
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Fig. 3.24. Input return loss (better than —10dB)
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Measured Output Return Loss
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Fig. 3.25. Power matched output port reflection
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Fig. 3.26. Measured isolation
Measured Stability Factor
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Fig. 3.27. Measured stability factor

The improvements in various measured performgaameters of LNA design-2

over design-1 are presented in Table 3.1. It casele® that there is significant improvement
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in the noise figure as well as in the gain. Indhalysis we found that the stability factor much
greater than 1 ruins the gain and also degradesdise figure. It was taken care of while
designing the second LNA topology. Input returnsits been improved in design-2 which
was poor than —10dB in design-1.

Table 3.1. Comparison of LNA design-1 with LNA dgsi2

Parametel Measured results LNA desi-1 Measured results LNA desi-2
Noise Figure (dE 1.7¢ 1.46
Gain (dB 25 30.1
Stability Facto 21.¢ 7.2
Si1 (dB) -6.€ -12.€
S22 (dB) -24.% -27.C
Si12 (dB) -52 -57

However, fabricated improved LNA MIC design is ngmared with different
technologies, MMIC designs and CMOS processes.eTaB! briefly describes the comparison
of the proposed MIC design with the previously pehed work in Ku-band. From the tabular
analysis it can be concluded that the work preseh&re has excellent noise figure and gain

with very low power consumption.
Fig. 3.28 shows the fabricated design-2 of LNAOMiIN alumina substrate and Kovar

carrier plate using CFY-67 GaAs HEMT. Actual cifcsize of the fabricated microawave IC
is 411mnd.
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Table 3.2. Comparison of the proposed design (MIiE) previously published works in Ku-band

LNA Device
. . S4(dB) No. of . Power
Reference op; reegmg Dfsvéze Yff(‘.’ﬁi? INFrin(dB) stages (’c\ilg) %g;] (?Ei) S, (dB) (ilé) cons.
(GHz.) d at freq. in LNA (mw)
(GHz)
Gats o5 | O-76/892at) 4 146 | 301 | -128 270 567 90
This work 13 Crver. 1 13/163 95 at
08P 1/7.8 i3 3 2.14 26.1 -8.7 -18.1| -59.9 7.8
[47] 12 pHEMT 2/24 NA 2 1.2¢ 24.F <-16 <-16 NA 96
[48] 12 pHEMT 3/20 NA 2 <1.4 >15 A7) 20 NA 60
[49] 13.8 H?E?VINT NA NA/2 at 20 3 1.75 22 11t 12 NA 840
GaN
[50] 14 HEMT NA NA 3 1.9 >19.8 -6 -13 NA NA
[51] 14.5 RF CMOS 1.6/12 NA 1 2 12.9 6| -14 -30' 19.2
[52] 13 pHEMT 3/52 NA 3 2.1 22 -13 -15 -45 156
(53] 16 pHEMT | 45 | 1OZBS%at) g 23 | 216 | -4 | 15 | NA | 260
[54] 13 pHEMT NA NA 2 2.5 22 <-10 <-10 NA 100
[55] 12 HBT 3.3/7.2 NA 1 3 11 6 -8 NA 24
1 stage
2.5/80,2¢ | NA/<1 dB at "
[56] 13 HEMT stage 10GHz 2 3 17.5 -13 -12 NA 636
4/109
[57] 14 to 1t CMOS 1.3/22 NA 2 3.2 10.57 23 -10.7" NA 28.€
[58] 16 BiCMOS 15/1.F NA/3 at 13 1 3.8 14.F -4 -18 NA 2.2t
[59] 16 HBT 15/5.3 NA 1 4 11.5 NA NA NA 8
[60] 15.2 CMOS 1.3/4 NA 2 4.2 10.8 <-10 6 NA 5.2
[61] 13 CMOS 1.8/5.4 NA 1 4.67 4.9 20| 17 NA 9.72
[62] 12 HBT 3/4 NA 1 4.7 9 -11 6 NA 12
T Approx. mentioned from the figures NA: Not Aatile

Fig. 3.28. Fabricated three-stage LNA microwavéd€sign-2)
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3.4. Chapter conclusions

Three stage low noise amplifiers at Ku-band versigned. Analysis was carried out
for the multistage design in order to minimize tiwése figure. Circuit input referred noise was
analyzed using resistor temperature noise souaoekintrinsic and extrinsic parameters of the
sixteen element GaAs HEMT device. Noise figure wessented in terms of correlated and
uncorrelated noise components. Both the low noispliiers were fabricated and tested in
Ku-band. LNA was designed taking care of trade;offdrinsic and extrinsic parasitic
elements, stability considerations and gain-comstth noise optimization in order to
minimize the input referred correlated noise. TimalfLNA design showed its potential by
achieving the excellent results. The performangarpaters were compared extensively with
the relevant published work in Ku-band LNA. It che concluded that the design presented

here has the simultaneously very low noise figue l@gh gain with low power consumption.
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Chapter 4

Mixer

In this section a novel single balanced passiv@mndesign is proposed. It consists of
a modified 3-dB hybrid and a pair of anti-paralelv barrier Shottky diodes. The mixer is
designed to operate in 14-15GHz LO.

4.1. Wideband coupler design

The mixer’s isolation and LO noise cancellationgerties depends on the coupler as
discussed in section 2.2. Hence, the coupler ddsggomes a crucial element in the mixer.
However, coupler design is more challenging, wheis to be used in the mixer. As mixer
operates on two distinct frequencies, coupler baet designed in order to provide desired
response for both the frequencies. Furthermorewtirk becomes more challenging if the IF

is considerably large.

We have presented a wideband coupler for the mapelication. Typical rat-race
coupler is modified by introducing composite ridgétt hand (CRLH) transmission line in/3

branch to provide the wideband response.

As discussed in section 2.2, analyzed CRLH cospie [14], [19], and [20] uses
lumped inductors and lumped capacitors in the desitpere in all the cases, the frequency of
operation is below 5.2GHz. In our case, the LO afweg frequency is up to 14.98GHz. To
allow the high frequency operation, we have usedpked capacitor with good tolerance (by
American Technical Ceramics— ATC [63]) and the rihstted element inductor. Fig. 4.1
shows the proposed quasi CRLH rat-race couplertteaRLH equivalent transmission line
model. Right—-hand section of the composite transiomsline uses the distributed elements.
Left—hand section of the composite transmissioa lises lumped capacitors and distributed
inductor. Left-hand distributed inductor is reatizby very thin transmission line and via
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plated through hole connected to the conductiveirgtoplane. Hence it signifies the name
quasi CRLH coupler. In Fig. 4.1, introducet, 4 and C 4 together form a left-hand
transmission line which is different from the contrenal right hand structure. The circuit is
designed and simulated on 25mil thick TMM10i [64ftssubstrate &=9.8, tand=0.0022 at
10GHz).

Port 4

(A-port)
Port 2
LRy Lry Lry  Cin Civ Lry LrH Lry
o A o
c CRH CRH
&h I RH Crn 3L I RH
CRLH
Port 1 Ly

(Z-port)

Port 3

Fig. 4.1. Proposed r-race hybrid (in left). Equivalent composite righfflhande (CRLH)
transmission line model (in right).

CRLH inclusion in the rat-race coupler allowedotbe wideband. Fig. 4.2 shows the
simulated coupler scattering parameter results3iRl&GHz band. Insertion loss is near to
—3dB and ensures equal power division for the lz@ldroperationZ-port (port-1) return loss
is close to —40dB at around 13.515GHz. Isolationai@s almost below —20dB in the band of
interest. Fig. 4.3 shows the simulated phase éiffeg results. It can be seen that the phase
difference]S;; — [0Ss; remains within 8+10° and 0S4 — (0S4 remains within 18%:10° for
13GHz to 15.5GHz range. Size of the proposed coupld.3mm X 4.3mm. The coupler is
designed to provide the response shifted towarddreQuency asy; response shown in the
Fig. 4.2. LO frequency is to be kept higher thaam RF in our case. LO is to be applied to the

A-port which allows LO noise to get cancelled.

45



Return Loss/ Insertion Loss/ Isolation (dB)

13 13.5 14 14.5 15 15.5 16

Frequency (GHz)

Fig. 4.2. Simulated coupler resulEsport return loss (§), insertion loss (§ and 3;) and

isolation (1)
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Fig. 4.3. Simulated coupler phase difference. Pimabalance is within £10for 13-15.5GHz range.

4.2. Ku-band mixer design

Fig. 4.4 shows the Ku-band passive balanced migarg the quasi CRLH rat-race
coupler. RF and LO are applied to the pair of miljuigolated Z-port (port-1) andA-port
(port-4) respectively. From Fig. 4.2, it can be daded that the coupler is designed to provide
the best port-1 return loss in the band at RF ##aequ as RF is to be applied to the port-1.
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Further it also can be seen that the proposed eptpls wideband port-4 to port-1 isolation

response as it has to accommodate variable LOdrexyu

In the proposed mixer in Fig. 4.4, Aeroflex meelMSS20-143-B10D [65] low
barrier beam lead identical diodBg andD, are connected to the port-2 and port-3. Diodes’
remaining terminal is combined to generate theQRe way is, to terminate one terminal of
the diode to the ground while keeping the othenieal connected to port-2 and port-3. IF is
to be taken out from the point on the hybrid/43away from the RF port as presented in
[66,67]. But in the coupler proposed here, it iiclilt to do so due to presence of LH lumped
elements. As a solution to this, port-2 and poer8 folded inside the coupler which also
allows to achieve the small sizB; and D, are the diodes connected in the anti-parallel
configuration; provide nonlinear behavior in order generate the sum and difference
frequencies. In 180hybrid, anti-parallel configuration of the diodaéows elimination of all
(m,n)harmonics wheren andn are even. Also, a(im,n)harmonics where=+2 andn=+1 are
eliminated. As LO is applied ta-port, noise present in LO gets cancelled as dsstlisn
section 2.2. Inductors,, Lz andL, provide DC return paths for the diodes. lAdbypasses the
DC component present after mixing, it is not seethe IF outputL, andL; are 180pum./4
TLs designed to ensure enough wideband open cattiite diode inputs in Ku-band. Hence,
it eliminates any chances of RF or LO bypassingteemmixing action take placé, andLs
are designed in order to have the least electroatagnnterference with the nearest
components present. However, the design layoueiremagnetically simulated in order to
accommodate all the effects. Size of the mixeldnsoat same as the coupler. IF is taken out
from a 5@ TL (0.6mm on TMM10i substrate [64]) using a PamasdERJ-1 @ jumper ()
[68]. Jumper can be used in the IF line as IF tsaschigh as RF.
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RF

Fig. 4.4. Ku-band passive balanced mixer usingjtiesi CRLH rat-race coupler

Fig. 4.5 shows the conversion loss of a mixehwiéspect to LO frequency. Mixer
exhibits almost flat conversion loss response iBG#Hz to 14.7 GHz LO frequency range.
Conversion performance is found better at around@Hz and around 15GHz. Fig. 4.6
shows conversion loss of a mixer with respect toddWer. Fig. 4.7 shows mixer SSB and
DSB NF with respect to LO frequency and IF. DSB isfhe NF without considering image
rejection RF filter. SSB NF is 3dB poor than theE)ISF. In DSB case, the image IF falls on
the true IF and hence, it improves the conversass land the NF by 3dB. There is 1.5dB
noise figure variation in 100MHz to 1500MHz IF r&nd O to RF isolation is near to —25dB
for 14GHz to 15GHz LO frequency range as shownim E.8. Mixer exhibits potentially

linear response. 1dB compression and; Ilte at 4dBm and at 15.7dBm RF power
respectively as shown in Fig. 4.9 and Fig. 4.10.
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Fig. 4.5. Conversion loss vs. LO frequency fos £9.5dBm,fre= 13.5GHz, R-= -50dBm
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Fig. 4.6. Conversion loss vs. LO power fgy= 14.31GHzfzr= 13.5GHz, Rr=-50dBm
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Fig. 4.8. RF to LO isolation for different LO fregncies for B, = 9.5dBm



PdB
-10

IF power (dBm)

RF power (dBm)

Fig. 4.9. Mixer 1dB compression (= 4dBm) with 3 R&krmonics and 5 LO harmonics,
fre= 13.5GHzf o= 14.31GHz, By= 9.5dBm

3 order intercept (IP;)

===Fundamental

IF power (dBm)

=O=3rd order

RF power (dBm)
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4.3. |IF filter

As output of the mixer contains the unwanted intatmation products, all of them
are to be suppressed by the IF filter to achiewsrel@ IF frequency in the output. Fig. 4.11
shows the complete mixer followed by IF filter.tBil is designed with the multipi4 radial
stubs in order to achieve wideband rejection ofslected intermodulation frequencies. Fig.
4.12 shows the insertion loss response of the tagesmultiband filter. The filter is designed
to suppress RF, LO frequency®drder intermodulation productsl@, 2RF and LO+RF),
and 3 order intermodulation productsRE—LO and 20-RF). Table 4.1 describes the results
after applying the two-stage IF filter to the mixircan be seen that the frequencies other than
the IF, get suppressed by significant amount.

Filtered IF

Fig. 4.11. Complete mixer followed by two-stagefilter

Two-stage multiband IF filter

Insertion Loss (dB)

0 5 10 15 20 25 30
Frequency (GHz)

Fig. 4.12. Two-stage multiband IF filter response
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Table 4.1. Undesired intermodulation products sepgion using two-stage multiband-rejection filter

FrequencyGHz) Mixing spectrum without filte Mixing spectrun with filter
(dBm) (dBm)

0.81((IF) -39.3- -39.7¢

13.5((RF) -32.5( -81.97

14.31(LO) -11.4¢ -77.2¢

15.12 (2*LO-RF) 3% order -46.4¢ -132.5¢

27.81(LO+RF) 2™ ordel -42.57 -90.9:

28.62 (2*LO) 2" ordel -29.5¢ -72.07

4.4. Chapter conclusions

We presented a wideband 3-dB balanced coupleh&mixer application. Typical rat-
race coupler was modified by introducing CRLH trarssion line in 3/4 branch to provide
wideband response. Proposed coupler is small ia &z3mm X 4.3mm) and provides
wideband response in 13-16GHz. Using the couplesemted; small size wideband singly
balanced passive mixer in Ku-band was designedeiMsimulated results were presented in
terms of mixer performance parameters, conversies, Inoise figure and linearity. Proposed
mixer has low conversion loss and very good LO fe iBolation in Ku-band. The mixer
exhibited good linear response; 1-dB compressios ataddBm RF power, and HRvas at
15.7dBm RF power. Two-stage multiband-reject IFefilwas designed and simulated to
suppress— RF, LO frequency®®rder intermodulation productsl@, 2RF andLO+RF), and
3 order intermodulation productsRE—LO and 2.0-RF).
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Chapter 5

Local Oscillator

Local Oscillator (LO) contributes as an importabuilding block in the
communication systems. It generates a frequensebffom the RF in order to produce IF
using mixer. As VCO provides the frequency tun#piin order to generate required IF, low

phase noise VCO is used as a LO in our case.

VCO has been always of an interest for the rebeas due to the challenges like low
phase noise, tunability with sustained oscillatiamall size, and ease of fabrication avoiding
complex structures. Any oscillator requires highr&3onator in order to achieve low phase
noise and so frequency stability. At high frequesncidielectric resonators are preferred as
they have very high-Q and hence they have abititgenerate high spectral purity signal.
Unfortunately they have drawbacks, including liditeining range, and limiting temperature
range. They are bulky in size and require compbksembly. Here, we proposed new high-Q
planar resonators in two different Ku-band VCO togees at around 15GHz and 14.3GHz
center frequency to generate required IF; 1.5GHd 8A0MHz for our scatterometer
application. (From Fig. 4.6, it can be noticed ttreg mixer has the lowest conversion loss at
14.3GHz and at 14.98GHz in the LO band). Introdgasmall size planar resonators in the
circuit rather than the conventional dielectric ometors, drastically reduces the cost of
fabrication and time to market.
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5.1. Design of low power low phase noise negative resiate Ku-band
VCO using planar resonator pair (Desigr1)

New negative resistance voltage-controlled caoifl (VCO) at Ku-band is designed.
The proposed topology uses packaged NPN Silicom&aum RF transistor and two parallel
resonator structures connected to the device emitté#e proposed novel active open ended
planar structure as a resonator for the VCO. Resors analyzed in terms of the required
reflection coefficient and input impedance. Resoristquality factor varies in between 159
and 235 as a function of tuning voltage. VCO miaww IC is fabricated on TMM10i [64]
soft substrate with 17.5u@r-Cu-Au metallization process. VCO can be tuned for 180MHz
by varying resonators’ varactors from 0V to 22V.ddaered output power remains in between
4.20dBm and 8.06dBm for the entire tuning range83415.06GHz). Measured phase noise
is —145dBc/Hz at 1MHz offset with 8V tuning voltagéormalized phase noise figure of merit
(PNFOM) for the VCO is —214.4dBc/Hz. The circuitsHiaw power consumption of 25.5mW
and high DC to RF conversion efficienay¢-rr).

5.1.1. Proposed Ku-band VCO

Fig. 5.1 shows the proposed novel voltage cdetiohegative resistance oscillator
circuit topology. As 1/ noise is the significant contributor to the phasgse, bipolar RF
transistors are preferable over HEMTs. The desiggsuan NPN Silicon Germanium NXP
BFU725F bipolar RF transistor. It has lowf hoise, 10-24dB gain and 0.42-1.1dB noise
figure in 1.5-12GHz range. Hence, it makes thesishor perfectly suitable for VCO
application. Open loop analysis was carried owtdisieve a negative stability factor with gain
S| >1 and1$;1~0°. Specific reflection coefficient applied to the ier leads to bothS|4|
and £, >1 which is required to make the amplifier ostitlg. Reflection coefficients being
greater than one make real part of the impedandeetmegative, while looking from the
emitter end. Hence the topology is the negativistaasce oscillator. From the analysis, it was
concluded that there is further improvement seeig inand S, when the device base is
terminated with_,Cy, series resonant feedbatk.is the high impedance 180um line abgdis
the lumped capacitot, andC,, are selected in a way that t8g andS;, become maximum.
R;, R, C3 andL, form a dedicated bias to the device. Large capaCi is used to bypass the
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dc fluctuations due to power supply; and L, are 180pumi/4 high impedance lined.;
provides a dc return path for emitters and restticeé desired frequency being groundegis
0.4pF capacitor from ATC [63] with 14GHz specifiesonant frequency (SRF) and insertion
loss better than —0.4dB in 8-24GHz ba@gl, filters out the frequency components which are

falling far from its SRF and also restricts theplesence at the output due to collector bias.
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Fig. 5.1. Proposed Ku-band VCO
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5.1.2. Proposed resonator analysis

The network which provides the specific reflentiooefficient to the emitter is
designed to be the resonator as shown in Fig. hizhnis extracted out from the Fig. 5.1.
Frequency stability, and hence, the phase noisav@h of the circuit depends on the
resonator design which makes it a crucial elemen?CO. After analyzing the open loop
amplifier's emitter reflection coefficient”, (correspondingZ, =—-R+ jX ), a resonator

network has to be designed with reflection coedfiti .. (corresponding,.. = 5/1 iX). As

3
the device has two emitters, it is not appropriateun a long transmission line from two
emitters surrounding the device base network armbimect it to a single resonator structure.
As the encircling long transmission path may actagsonator itself and also it will have
electromagnetic coupling issues. More importadtipg transmission line for resonator will
introduce extra loss which will degrade the resorstquality factor performance. To avoid
this, two parallel resonators are connected to bm¢hemitters. Resonators are connected in
such a way that the reflection coefficients do difter from the analyzed values. For the
same, resonator equivalent residkeind, inductol or capacitoiC are analyzed. As both the
device emitters are inherently in parallel, the remsted individual resonators to both the
emitters will also form a parallel network. Hentleg required equivalent values for individual
resonator to provide the expected performance esistorR'=2R and, inductorL'=2L or

capacitorC'=C/2.

An identical resonator pair is connected to the emitters, the way shown in the
Fig. 5.1. The resonator networks use varactor diodéh a dedicated bias for eadhs.to Lo
and C, to C; form an open ended planar resonator network. HpadatorC; corresponds to

the open ended transmission lihg; andCs represent the equivalent open stub.

To achieve wide tuning bandwidth, all the stubsduin resonator and bias networks
are the radial stubs. Resonators use Aeroflex GAG%050 [69] series varactor diodes in
reverse bias for tunind.; corresponds t@/4 high impedance line to provide a dc return path

for the varactors and to restrict the RF to be gdeual.
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Abstractly, the input impedance of the resonatay be represented as,

Zin :(RS-F%J
1
2
*jw| L+l =—— KoK, RS (5.1)
o (~’CC, (L+ L) +(Cs+ C))) K,
where,

K, =1+ ’R:C?
K, =1-a’L,C,

K, =1-a?L,C.
Varactor junction capacitance, = f (V)

In equation (5.1), conductor losses are not damed, only varactor diode’s intrinsic
resistances are taken into account. As varactongnt resistances are present in the real part
of the Z;,, they play an important role to sustain the oatidhs. Here low loss varactor with
small intrinsic resistors is selected to achievieigh quality factor of the planar resonator.
Values of the resonator parameters can be seleatedrdingly so that the required
X= —imaginary(£,). However, in simulation it is found that the lilmngths corresponding to

Ls, L¢ andCs have the dominating role in tuning the resonatorfsuit reflection coefficient.
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After applying resonator networks to both the eengt Barkhausen, Nyquist and Kurokawa

criteria were checked to ensure the unstable regfioperation and sustained oscillations.

5.1.3. Results and discussion

Fig. 5.3 shows the simulated open ended resdsabmut return loss with respect to
the frequency as a function of varactor tuningagdt 0—22V variable varactor bias provides
200MHz tunability from 14.85GHz to 15.05GHz in Ka#d. Fig. 5.4 shows the calculated
resonator Q-factor and varactor junction capacéasa function of tuning voltage. Q-factor
varies from 159 to 235 for OV to 22V tuning range.

Resonator S,, (dB)

_30 1 1 1 1 L 1 1 1
14.4 14.6 14.8 15 15.2 15.4
Frequency (GHz)
Fig. 5.3. Resonator response as a function of t@raas
250 T T T T T T T T T T T T T T T T T T T T T 4.5
N —— Resonator Q-factor 4.0 <
S 230 ) o
S == Varactor Capacitance 3.5 §
[T -+
£ 210 30 8
g 25 3
5 190 20 8
© >
s 8
2 L5 =
g 170 )
1.0
150 0.5

0 5 10 15 20

Tuning Voltage (V)

Fig. 5.4. Resonator Q-factor and varactor junctigpacitance as a function of tuning voltage
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The Ku-band VCO circuit is fabricated and testkdthis design, 25mil TMM10i
[64] soft substrate is used for ease of providirggfer immediate grounding. It has=9.8 and
tand=0.0022 at 10GHz. Microwave IC is packaged in Alainin test box. Upper cover height
is considered to be at 11mm and it is electromacpiBt modeled and simulated. Carrier plate
was made from Kovar and was plated with Gold. Miettion process i<r-Cu-Au with
17.5um accuracy. Measured spectrum output is pesan Fig. 5.5 when varactors are
biased at 8V. Measured fundamental tone is at 1¢198 with 6.87dBm output power. Fig.
5.6 shows the measured VCO oscillation frequendyautput power as a function of varactor
tuning voltage. VCO can be tuned for 180MHz in 8681z to 15.06GHz range by varying
resonators’ varactors from OV to 22V. Measured oufower remains in between 4.20dBm
and 8.06dBm for the entire tuning range. The degii@svs 8.5mA current at 3V resulting into
very low 25.5mW dc power consumption. Fig. 5.7 espnts the measured phase noise at 8V
varactor bias. Measured phase noise6i3dBc/Hz at 1KHz offset andl45dBc/Hz at 1MHz
offset from the carrier 14.98GHz. Normalized phasise figure of merit (PNFOM) for VCO

can be calculated using [70],

PNFOM = L(Af)—ZOIoglo[Af; j+ 10I0g0(1r?\‘;vj ...... (5.2)

where, L(Af ) is the phase noise aif offset frequencyf, is the frequency of

oscillation, andPpc is the dc power consumption. The PNFOM of the tged VCO at
1MHz offset and 8V varactor bias is -214.4dBc/HEZ i RF efficiency may be defined as,

Docors = ERF <100% (5.3)

DC

where, Prris the output signal power at the oscillation freoqgy. The DC to RF
efficiency of VCO at 8V varactor bias is 19%. Te thest of our knowledge, PNFOM and
npc-rr are the best among the published planar resobasad VCOs in our frequency band of
interest, to date. Fig. 5.8 shows the Ku-band gelteontrol oscillator fabricated microwave
IC.
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Fig. 5.5. VCO measured frequency spectrum at 8¥otar bias. Carrier frequency is 14.98GHz with
6.87dBm output power. Resolution BW= 1MHz. SparmgBency= 200MHz. Total number of
points= 601. Instrument model: Agilent PSA E4440A
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Fig. 5.7. Measured phase noise at 8V varactor bias
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Fig. 5.8. Fabricated VCO (a) Small size developezlit layout on TMM10i substrate fitted on Kovar
carrier plate. (b) packaged VCO microwave IC with tover removed.
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Comparative analysis in terms of various perfarceaparameters of the proposed
VCO with the published work in planar resonatoriltetors is briefly carried out in Table 5.1.
From the tabular analysis, it can be concluded tiatdeveloped small size Ku-band planar
VCO has excellent simultaneous performances of i@wpower consumption, high DC-RF

conversion efficiency, low phase noise and exceRMFOM.

Table 5.1. Comparison with published planar osoitla

Oscillation Output Power DC to RF Phase Offset PNEOM
Reference Device frequencyf, power consumption effi. noise frequency (dBc/Hz)
(GHZ) PR.:(dBm) Poc (mW) 1DC-RF (0/0) (dBC/HZ) (KHZ)
InP/InGaAs 75 (VCO
[71] DHBT 87 8 (max) core) 8.41 -102 1000 -168.66
[72] A'ﬁ""E’\,{ﬁaN 39.1 25 3900 8.11 123 1000 172,51
[28] SiGe HBT 8.06 35 22.4 10 -122.5 100 =177
[73] Si BJT 18.66 3.1 (max) 315 0.65 (max) -123 aoo -183.3
[74] HEMT 10 10 500 2 -112.05 100 -185.06
[75] '”GaFB'/TGaAS 12.09 12 168 9.43 1144 100 -193.8
76] '”GaFB'/TGaAS 25 1 90 0.88 -130 1000 195
[34] SiBJT 2.46 6.4 43.7 10 -144.47 1000 -195.76
[77] SiGe HBT 9.1 9.7 66.6 14 -138 1000 -198.9
[29] SiGe HBT 8 10 200 5 -150 1000 -205
This work | SiGe HBT 14.98 6'98(1‘;“ 255 19.1 145 1000 214.4

5.2. Design of voltage-controlled oscillator using novedlanar active
metamaterial resonator (Design-2)

In this section, we have proposed another nouelb&nhd VCO topology. The
proposed topology uses two parallel planar resorgtactures. We proposed novel double
negative active metamaterial planar structure assanator for the VCO. Metamaterial
resonator is analyzed and composite complex caestitparameters are extracted. Resonance
achieved by metamaterial resonators determinedsbiator frequency which is 14.3 GHz at
11V varactor bias. VCO can be tuned for around 18@Nby varying resonators’ varactor
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from OV to 22V. Planar resonator’s loaded qualdagtbr is calculated to be 305. The VCO

microwave IC is fabricated on TMM10i soft substrate

5.2.1. Proposed Ku-band VCO

In this topology, we replaced the resonator ig. B.1 with the novel RF resonator.
Infineon Technologies’ CFY25-20 GaAs metal semiaatdr field effect transistor [78] is
used in the design. Device gate is connected adtive tunable series C network which
helps to increase&s)| and $,| further >1, leading to enough negative resisarsput and

output ports.

5.2.2. Proposed resonator analysis

We proposed new planar active tunable metamatwm@aplementary split rings as
resonators in the proposed topology as shown in %@ Fig. 5.9(a) shows the passive
metamaterial structure of modified complimentarylitsping resonators with included

capacitive loaded strip. Proposactive metamaterial resonator is shown in Fig. 5.9(b).

Now, we carried out the constitutive parametetraetion by analyzing the
metamaterial considering the free space charaatenz First, passive metamaterial structure
is analyzed using Ansoft HFSS. Metamaterial is rieseon the TMM10i standard substrate.
TMM10i hase=9.8 andtand=0.0022 at 10GHz [64]. Now, uniform plane wavensident on

the sample. Material is treated as uniform compasithe direction of propagation.
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Fig. 5.9. (a) Proposed planar passive metamatesahator. Dimensions are in mil. (b) Proposed
planar active metamaterial resonator.

Sample thickness in the direction of propagatpis considered in odd multiples of
the quarter wavelength to maximi&g. Uncertainties in measurement&f are low for high
values of $1] which ensures effectiveness of constituent patemextraction. Sample
thicknesdd is kept at 3/4 in our case, wherkis the guided wavelength. Material under test is

the proposed metamaterial composite.

Uniform plane wave with linear polarization isrmally incident on the sample.

Considering the boundary conditions for the serfirite sample, parameterdS and T were
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calculated from the finite sample’s reflection atrdnsmission coefficients;; and S
respectively [79]1 and T are the reflection and transmission coefficientshat air-sample
interface respectively. Considered Jymdmetamaterial thickness takes care of @neCu-Au
metallization process during fabrication. Still tickness is very small and it can be treated
as the planar inclusion in the analysis. Extractddncomplex constituent parameters was
analyzed by Ghodgaonkar [79] and can be written as,

gzl(ﬂj, ﬂzl(“rj ...... (5.4)
Vo\1+T Vo\1-T

where y = Propagation constant of the material under teist.a function ofT.

As mentioned in [79], calculated is a complex quantity which gives multiple
solutions for complex and p for different possible values of. n can be 0, £1, +2, £3...
However [79] narrates the extraction procedureaioy dielectric material, equation (5.4) is
also applicable to metamaterials because the rahterder test is assumed to be uniform in

the direction of propagation. Hence, the extragtddes will be composite complexandp.

¢ andp straight away for the planar metamaterial striectuas analyzed and given by
Ziolkowski [80] and can be written as,

e e (5.5)
jiod 1+, jlod 1+,

where,V; =S+ 3, V= S~

Equation (5.5) is valid only if electrical thickss kea*d) of the sample is not too
large [80]. In our casdges*d=0.8 which is less than 1 and hence the extractiethod given

in [80] is applicable to our proposed metamatesialcture.
In HFSS simulations, convergence was achievedrgjinement of 0.01048 based on

the twice the center frequency of 14.3GHz and wRmumbers of passes for the simulation.
The number of tetrahedras used were 2469 7Sgratameter variationsS was 0.00263.
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To overcome the discrepancy of multiple solutiprd], two samples with different
thicknesses can be considered. Solution o the one for which extractedandp are same
for two different samples with thicknessgésandd,. However, by analyzing the different
values and comparing the extracted compleandp results with the Ziolkowski’'s method

[80] results, it was concluded that for our progbdesigm=2 is the most appropriate case.

Fig. 5.10(a)—(d) show simulated results of thetrasted composite complex
permittivity and permeability considering two metisodiscussed by Ghodgaonkar [79] and
Ziolkowski [80]. Results are reported in the ramfénterest from 14GHz to 14.5GHz. It can
be seen that the simultaneous negative regiorughityg matching in both the techniques. Still,
real part of permittivity resonance seems good imlkdwski's method while real part of
permeability resonance seems good in Ghodgaonkethod. Taking both the methods into
account, it can be concluded that the proposed mataial has a simultaneous negative
permittivity and negative permeability present thh20-14.48GHz range.
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Fig. 5.1(. Extracted complex constituent parameters calculated simulated -parameters. Fc
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Now, consider an active metamaterial resonatesgnmted in Fig. 5.9(b). Aeroflex
MGV050 varactor diode is introduced for frequenaging. It has a dedicated bias network
and dc ground return path designed at the desiegpiéncy. Radial stubs ensure wideband
open circuit in the desired frequency band of 14GKHz14.5GHz. Hence, introduced
supporting networks required for the varactor diattees not change the electromagnetic
behavior of the passive metamaterial in the desfrequency band. Hence, it can be
concluded that the active metamaterial also exhidibuble negative region at the same
frequency at which the passive metamaterial stractloes. The same was proved by

exporting multiport S-parameter data from HFSS teys{ght Technologies’ ADS.
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Co-simulation results are presented in Fig. 5.T1vlrious varactor biases. It clearly shows
that at OV varactor bias, resonant peak is achieted4.25GHz which is in the double
negative region for the passive metamaterial reéso@a shown in Fig. 5.10. Simulated loaded
quality factor of the resonator is 305 at 14.3GbBizIf1V varactor bias.

o i
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(n: T T
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5 - i
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e —_—11V
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14.0 14.1 14.2 14.3 14.4 14.5 14.6

Frequency (GHz)

Fig. 5.11. Proposed resonator frequency tuningvdying varactor bias from 0V to 22V, 150MHz
tuning is achieved in simulation.

Two active planar metamaterial resonators arenected in parallel to the two
sources of the device as shown in the Fig. 5.1yixgrthe varactor bias in the active resonator
provides VCO frequency tuning of nearly 100MHz whiheasurements. Varactor connected
to the device gate provides enhanced control in \@g.

Measurement result is presented when resonat@sictors are biased at 11V.
Measured carrier power is 10.37dBm at 14.315GHghasvn in Fig. 5.12. Measured phase
noise is—-65dBc/Hz at 1KHz offset and120dBc/Hz at 5MHz offset from the carrier
14.315GHz which can be seen from the Fig. 5.13. &l@n the device used in this VCO
design-2 has the comparatively higt ddise with respect to the HBT used in previous VCO
design-1. Hence, design-2 has the poor phase peidermance compare to the design-1,
although the quality factor of the metamateriabredor is better than the quality factor of the
resonator used in the previous design-1. Fig. Stas the complete fabricated microwave
IC. In this design, 25mil soft substrate TMM10i [64 used for ease of providing via for

immediate grounding. Upper cover height is congderas 433mil and it is
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electromagnetically modeled and simulated. Theudidraws 23mA current at 2.4V resulting

in 55mW dc power consumption.
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Fig. 5.12. Measured Ku-band VCO spectrivyco=11V) Measured carrier power is 10.37dBm at
14.315GHz. Resolution BW=1MHz.
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Fig. 5.14. Fabricated VCO microwave IC using activeable planar metamaterial resonator with
space grade technology

5.3. Chapter conclusions

Two different new topologies of the negative sesmce voltage-controlled oscillators
at Ku-band were proposed. In VCO design-1, we pedanovel active open ended planar
structure as a resonator for the VCO. Even thowghgba planar resonator, it provides very
good quality factor (up to 235) which ensures th& phase noise. VCO microwave IC was
fabricated and tested. Measurements show that @@ ¥an be tuned for 180MHz by varying
resonators’ varactors from OV to 22V. Measured oufower remains in between 4.20dBm
and 8.06dBm for the entire tuning range. Measufd&@®M for the VCO is —214.4dBc/Hz.
The DC to RF efficiencyroc-re) 0f VCO is 19%. To the best of our knowledge, PNWFa@nd
npc-rr are the best among the published planar resobasad VCOs, to date. In VCO design-
2, we proposed novel double negative active metahtplanar structure as a resonator.
Metamaterial resonator was analyzed and composieplex constituent parameters were
extracted. Metamaterial resonator has an improwelity factor compare to the resonator
proposed in design-1. The IC was fabricated anédes8/easurements show 10.37dBm power
at 14.3GHz which is improved compare to the VCQOgte§.
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Chapter 6

Conclusions and Suggestions for Future Work

A novel receiver front-end; LNA, mixer and osatthr, was designed and analyzed in
Ku-band. Different design aspects of the subsystaimg with the trade-offs and

improvements were presented.

Two designs of three-stage Ku-band low noise dmplwere presented. The
performance parameters of the LNA were improvedniyimizing the correlated noise of the
cascaded system. The improved design had the 3@dBvgth 1.46dB noise figure. The
measurement results were compared with the largéauof relevant work published in Ku-
band. It was concluded that the design presentedheaexcellent results with simultaneously

very low noise figure and high gain with low poveansumption.

Next, we presented a wideband 3-dB balanced eoupt the mixer application.
Typical rat-race coupler was modified by introdgci@RLH transmission line iniB4 branch
to provide wideband response. Proposed couplemall sn size (4.3mm X 4.3mm) and
provides wideband response in 13—-16GHz. Using tluipler presented; small size wideband
singly balanced passive mixer in Ku-band was desigMixer simulated results are presented
in terms of mixer performance parameters, converdass, noise figure and linearity.
Proposed mixer has low conversion loss and very ddo-to-RF isolation in Ku-band. The
mixer exhibited good linear response; 1-dB compoassas at 4dBm RF power, and 418 at
15.7dBm RF power. Two-stage multiband-reject IFefilwas designed and simulated to
suppress RF, LO frequency, " order intermodulation productsL@, 2RF andLO+RF), and
3 order intermodulation productsRE-LO and 2.0-RF).

Two different new topologies of negative resismnoltage-controlled oscillators at
Ku-band were proposed. In VCO design-1, we propasexkl active open ended planar

structure as a resonator for the VCO. Even thowghgoa planar resonator, it provides very
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good quality factor (up to 235) which ensures lolage noise. VCO microwave IC was
fabricated and tested. Measurements showed thaV@@ can be tuned for 180MHz by
varying resonators’ varactors from 0V to 22V. Meaasluoutput power remained in between
4.20dBm and 8.06dBm for the entire tuning range.astieed PNFOM for the VCO is
—214.4dBc/Hz. The DC to RF efficiencygc.rp) Of VCO is 19%. To the best of our
knowledge, PNFOM andpc.rr are the best among the published planar resortased
VCOs, to date. In VCO design-2, we proposed nowelbte negative active metamaterial
planar structure as a resonator. Metamaterial e#epmvas analyzed and composite complex
constituent parameters were extracted. Metamatesainator has an improved quality factor
compare to the resonator proposed in design-1. Mhewas fabricated and tested.
Measurements show 10.37dBm power at 14.3GHz wisdmproved compare to the VCO
design-1.

The work presented here may be extended as follows:
1. Noise cancellation LNA
LNA feedback configurations can be modeled accglglim order to achieve the noise
cancellation properties. From the MIC experimemgpects, carrier plates need to be
modified accordingly to accommodate feedback pathd to provide immediate

grounding in case if brittle alumina substratei®é used.

2. Receiver front-end on chip with integrated antenna
The whole receiver front-end can be engineered single chip with active integrated
antenna. It has significant electromagnetic cogptinallenges are to be taken care-off.
One more important aspect is, planar antenna regjlow permittivity substrate for
better radiation efficiency, while the active citcon the same chip requires high
permittivity substrate. Hence, the trade-off ib&analyzed in order to have optimized

performance parameters.
3. Instead of the passive mixer presented here, actid@r can be designed which

exhibits conversiogain. In the presented mixer, tunable coupler may brediiced in
order to achieve desired frequency response.
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APPENDIX A

Abstract noise representation of the system with czzaded stages

For an abstract noise representation of the systiéimcascaded stages, consider,

Rs = Source resistor
lnDm = Effectivechannel thermal noise present at the output ertieah™ stage
device. It is a function of channel thermal naige
Rstabm = Series stability resistor connected at the doéithem™ stage
,fRsmbm = 4Rg¢qp, kT = m™" stage stability resistor thermal noise
ZiNm = m" stage input impedance
ZouTm = m" stage output impedance considering stability tesiand matching
network
Z’outm = m" stage output impedance without considering stgbilesistor and
matching network
Aum = Unloadedn™ stage voltage gain
2
. . . T2 _ 2 ZIN o
Noise to the first stage input port ¢, =V§Fg ————| = Va
' & + ZINl
Noise from the first stage output port is,
RS 2
—_— —_— —_— 2 _—
T A e e IR
Nout A 1 D | Touy ZOUT1 + &taq Ritay
Noise to the second stage input and from the ousgput
2
— —| Z
r2\nZ = Vjoull INZ
ZOUT1 + Z|N2
RS 2
—_— —_— 2 —_—
R A A A i '
Nout2 > Mn2 D, [ “oup ZOUTZ + Rtag Ritaty

Similarly for the third stage,
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2
2 2 Z|N3
Vninz Vrbutz Z +7
ouT, IN,
& 2
2 — A2 2 taky
Nows A’a V§n3 +( I“Q ouR ) Z + Fi + \ﬁ&lalg
ouTy taky

Z 2
_Z |4
Nout Nou Z

Noise delivered to load is the final output noisd aan be written as,
OUT, + ZL

where,

IN,

A, A/[VZ_F;—
Vis = A,

2

2
T2l P
b

IN,

A

Zouq + Z|N2

|2

2
F%taq +V12_ ZINQ
& + ZINL ZOUT1 + &taq e ZOUT1 + Z|N2 Z|N3
2 ZouT2 + ZlN3
+('§D2 Z 2) S *Vig
ouT, ZOUT + &taq taty
2
+(E ' 2) & nZR_;
e ZouTg + Fital% -
2 2 2 2
A/Z :| Z|N1 | Az Z'Nz | 2| Z'N3 | A§| ZL |
R+Zy| % Zoss* Za| % Zon* 2| | Zug*t
Noise factor of a three stage amplifier may be esped by,
2
F - i Vnout
AV
Ry | Ray |
[RN— 2 —_—
2 ' tah 2 2 taby 2
(I”Dl ZOUTl ) Z + & +VnRsta11 (IHQ Zoug Z + th +VnRstat2
=1+ our, tah + ouT, ab
- 2 7 2 2
N v w | N | B\,
R R
‘&+ZM l ‘&+zu l |
2
(II’?D:; Zou'r3 ) Z' RS_:_abj +V§R5tals
+ ouTs Fitat%
2 2
IN, | A/Z | ZlN2
R+2Zy| "

7
Zog + 2y 2

In general, the analyzed equation is applicabkniom number of cascaded stages.
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APPENDIX B

Resistor temperature noise representation considerg sixteen-
element device distributed model for three-stage LN

Let us consider the small signal device model prteskin Fig. 3.19.

For an intrinsic device,

i, = Vi P B T S ; 16Cos .(B.1)
R+ 1 % + 1 ngs ' ' ng 71+ p)Cg
jans ‘ JCLng Rgd ’
jor _ .
I, = gm(w)e ¥ 1 TV, —+ jaﬁds L s ™! ngd Jand
R + 1 Jacgs ds % + 1 i+ p)Cg
jans ’ jaﬁgd Rgd ‘

. Yin Ym
Intrinsic HEMT 2-port Y-parameter matrix can be lgmad as,[Y'”} { 1 1.2},

in n
Y21 Y22
where,

Y;;':DllDz[af(ngc;dm RG. D)+ & DG+ DG)]

Yli; =_Di(szgd C§d+ pcgd)
2

K :ﬁ[( D,g, () €/ - D&’ Ry G)~ & B g(w) & RG+ DG)]
v =(i+—“’2RgdC§dJ+ jw(cds+ﬁj
Rds D2 D2

where D=1+« RG and D, =1+’ R, C,

However,i; andi, in terms of local noise current sources for thiinsic device can be

analyzed as,
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jacgd

- in in H H
ly _V1Y11 + V2Y12 ~ s + hhga 1
+ J&ng
d
: ; n jaC
— in n _ _ g
I2 _V1Y21 + V2Y'22 hds Ingd 1
+ Jacgd

d

Noiseless system with external noise sourceg;@ndin,, applied at the input and
output respectively, will generate the same nogsé axisted internally considering the noisy
system [38,39,43].

For an intrinsic device, extracted noiggsandiZ, may be expressed as,

jaC
inl =- ngs+i ngd 1 J ] =
7+JC"ng
d
| | jaCy,
In2 = nds_I ngd 1 ]
7+]C¢ng
d
2 2
5 .| aC jaC
im =g+ hg 1J—Qd e lJ © (B.3)
7+ja£gd R %d 7+ja,cgd
d d
2 2
i2, =i +i igd ]_J—gd =&KT i+ ! 1J S (B.4)
7+jaﬁgd Rds Rgd 7+j6‘£gd
d d

where,iZ s | in;q andis,e as shown in Fig. 2.4, are uncorrelated intrinsiés@ sources.

However,g andi?, are correlated, which can be noticed from equat{@3) and (B.4).
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Here, two-port network analysis is carried outotlygh out as device’'s source is

always grounded. By embedding extrinsic packagesitizs to[Y"], complete device Y-

o Yext ext
parameter matrix is analyzed to IEJ e’“} ={ s 2. | as follows:
YZl 22
Yo Yo
R . o— Intrinsic __
L Yo7 Device

2, le} (L
_221 Z22 :

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Z,+R+ R+ p L+ L) Z,+ R+ WL,
| Z,+R+ jwl, Z,,+ R+ R+ o L+ L) ||
I ZsY

Intrinsic —ANN—""—0

Device

|N_< ':<|
o< <
NN
I AMN—

Y11+ Jw(cpgs+ Cpgd) Yz_ p)Cpgd

| YVt i@Chy Yt W(Cht Coy oW i~
LYo 2Z |

_le ZlZ:|

______ (Za Zoo) =

_le ZlZ :|

o Zatl o] g —on g g
LZoY H*

AA P |

v Y;Z“} |

Correlated external input and output noise saukgeandin, for the complete three-
stage noiseless LNA, considering device intrinsid axtrinsic package parasitics are analyzed

as a function of various inherent noise sourcesdmvite parameters as follows:
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i =i Y—Z'—Zz—g+i Y|Z . =Z ||+ Yz’+zZg
nl ngs g ngs ngsz n nds ndze ngd g ngd n%e

i = Z —i ans + Z“Qd H ZnL 4 ZnRs_H Z nRd
n2 ngs nds ngd nZ nRs nRd
Z Z Z Z Z Z

e e e e e e

R

O
b
€

The values of various impedance and admittancenpeters used in the equations
(B.5) and (B.6) are presented in Table B.1. Inahalysis, identical devices are considered in

all the three-stages.
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Table B.1. Values of the parameters used in equéiid) and (B.6)

7 _i: + | ZnL = L|:K+ j&)(des+Cpgd)( KZd+ ZAKA):|
g Y % J Lg !
g : 1 —_ -
7, =R+ jwl, K Z,Z,[ %o+ 1 Cpas* Cpod(1+ Z,¥)]
Z =R+ jwl, 22,2, Ke Z{l_éJ
ZL = R.tab+ Zmalch i ng
ng = Rgd +- ! ans, =ZpZpYes
JC"ng E Z
1 P Lo = ZAKA(ZPYds 1)+ -
ng = R + JCLC E gs
gs i '
E ans = ZA 1_ ZPYds)
Yds =—_* jaﬁds E
) 1 ZnRs = RSZZP {YdSZAKA-F _gj
- H H S gs
K R+ JL, i Cog + Cove | R,
’  Zore = Zpge = Z 2 Yy
1 =Y, + 1 + 1 : 75
- T las e _
ZP ng Zs ; Zan KRd
i:_l+£Y +(Z Y _1) gm(w)e_Jm i Zan, :YBZARj
ds P 'ds . ' .
Z, Zy Z Z,(jaC,,) ST (o
) 1 “ngd AfNA 1—
z, 7, Z,Z ior | L viac
KA:1+_g+_g_ QZP l+ gm(a))e : Rgd J gd
z. Z., Z jaC
gs gd gs gs jaC 7
o ; and' - ZA I gd — Tngd
KB =—Z——Z—Zdes E = o+ jaﬁgd KA
gd gs Rgd
YB :i-'- Yds_ fSZP
gd

K =Y, Z, K, + Kg
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Now consider the Fig. B.1 representing extermplivalent noise sourcas and v,
applied to the noiseless 2-port network.

. Vn .
I1 - I2
O— +m o —
T | i
| | |
|
- ! : . Noiseless 2-port !
O [ @ ez
| [ |
| ; |
' '
5 b ¢
Input
port

Fig. B.1. Equivalent input referred correlated easurces

Input referredequivalent noiseg, andv, can be represented in terms of the analyzed
in1 andin, as follows:
i1 = (V1 _Vn)Ylelxt + V2Y1€2Xt+ A

— _ ext Xt
I2 _(V1 Vn)Y21 + VzYzez

o ext
Inl_ln VnYll

in2 = _VnYZEft
) Yext
In :Inl_I nZLt ...... (B.?)
Yor
[
V=SS (B.8)
21

isc IS the short circuit current and so it is the potsirrent which flows at the input

port of the 2-porhetwork.is is the input noise current due to the source. {densg thatis.
flows in the direction as shown in the Fig. B.1,

> _ [ 2 _2 ¢ 2 a2, 2
Isc_(ls_l n_\/yg _|s+(| n+VYl =2 LI n+V¥)s_| -si-(l -'ﬁVYr1)s
where,Y=G¢t|Bs is the source admittance. Asandv, are system’s extracted noise, source

noiseis is uncorrelated with, andv,. However,, andv, are correlated [3,39,43].
Noise factor of the two-port network is given by,
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Proceeding further, the conditions for minimum ediactorF;, in terms of optimum source

terminationYop=GopttBopt IS given by, [3,37,39,43]

d(F&}%):O
dG, o
where Y= Vﬂ”

2
n

Y=G.+jB is the correlation admittance.
Noise factorF in terms ofF,j, and optimum value of source termination can beesmted

as, [3,37,39,43]

2 2
F= I:min +%|:(Gs - Gopt) +( Bs_ Bopt) :| ...... (Bg)
i2 v2
wher == R=—1_
¢ Q 4KT ? 4KT

Hence, source termination admittangg will give the minimum noise figure.
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