
 Eindhoven University of Technology

MASTER

Integrated antenna bandpass filters for 5 GHz WLAN (IEEE 802.11a)

Bratatjandra, Y.M.H.

Award date:
2003

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/980344f9-527f-400d-a220-5bb268646e2f


i 

TU/ e Eindhoven University of Technology 
Faculty of Electrical Engineering 

' Information and Communication Systems Group (ICS) 
Chair Mixed-signal Microelectronics (MsM) 

Integrated Antenna Bandpass Filters 
for 5 GHz WLAN (IEEE 802.11 a) . 

Master thesis report 

Marcel Bratatjandra 

TU/e supervisor : dr. ir .. J.D. van der Tang 

Philips supervisors: dr. N.J. Pulsford 
ir. A.J.M. de Graauw 

Period: May 2002- February 2003 

The Faculty of Electrical Engineering of Eindhoven University of Technology does not accept any 
responsibility for the contents of student reports and master theses. 

.... . 



TABLE OF CONTENTS 

PREFACE ............................................................................................................................................................................... 4 

CHAPTER 1 5 GHZ WIRELESS LAN SYSTEM ......................................................................................................... 5 

1.1 INTRODUCTION .. ..... ....... ... .... .... .. ......... .. ... .. ...... ..... .. .......... .. ......... ... ............................................................................. .. . 5 
1.2 CONFIGURATIONS ... .... .......................................... ... ... .. ................ .. .. ...... .... ..................... ... .. ..... .... ... ....... ..... ......... ... .... ... 5 
1.3 SYSTEM SPECIFICATIONS .............. .. .. ..... .... ............ ..... ....... ..... .. ... .. .. ...... .... .. .. .... ..... ..... .. ..................... ... ... .. .................... 7 
1.4 RECEIVER CHAIN ......... ... .. .. .. ... ...... ... ........... .. .. ..... ..... .... .................... .......................................... .... ................. .... ... ..... 1 0 
1.5 LINEAR ANALYSIS RECEIVER CHAIN ................................... ..... ... ....................... .. .. ....... ....... .. ......... .. ....... .. ... .. .. ... .... .. .. 12 
1.6 NONLINEAR ANALYSIS RECEIVER CHAIN ...... ........ .. .................................................. .... ... .. ............. ... .... .. ... .................. 12 
1. 7 CONCLUSIONS ..... .. ...... ... ................................ .................................................. ... .. ............. ................ .. ....................... .. 15 

CHAPTER 2 FILTER THEORY ................................... ............................................................................................... 16 

2.1 INTRODUCTION .... ............... ... .................. ..... .................. ............... ........ .... .. ....................................................... ..... .. .... 16 
2.2 FILTER CONCEPTS ......................................................................................................................................................... 16 

2.2.1 Lumped Elements Filter .. ............................ ......... .. ...................... ..... .... ..... ........................................................... 16 
2.2.2 Band-Pass Filter with Wid~top Band ......... .. .... .. .. ...... .. ..... .... .... ............ ............................................ .. ............... 17 
2.2.3 Interdigital Filter .... .. .................. ... .... ............ ...... .. ........... .................. ..... .... .. ..... ........... .................................... .. ... 17 
2.2.4 Comb-Line Filter .... .... ... .. .. .... .. .... .. ..................... .. ... .... ... ....... .. .. .... ... .. .... .. ..... ..... ........................ .......... ................. 18 
2.2.5 Hairpin-Line Filter .................. ... ........ .. ... ... .... ......... ........... ....... ......... .......... .. .... ....... ... .. .. ..... .. .. .. ... .. .. ... .. .... ... ..... ... 19 
2.2.6 Filter Concepts Discussion ... .. ................... .. ... ... ... ... .. ... ... ...... .... ... ... ... .... ........... ....................... .. ... .. .. .. ............. ..... 19 

2.3 TECHNOLOGY CHOICE .. ..... .. ....... .. ... ... ..... ... ............................. ..... .... ..... .... ... .......... ... ..... ......... .. ... ....................... .. .. .. .. .. 20 
2.4 CONCEPT CHOICE .. .. ... .. ... .. ....... .. ....................... ... ......................................... ... .... ... ... .... .... .. .............. .............. ............. 22 
2.5 CONCLUSIONS ................ .. ........ ......... .. .. ... ...... .... ... .................... ............ .. ............................. ... .. .............................. ...... 23 

CHAPTER 3 FILTER DESIGN ..................................................................................................................................... 24 

3.1 INTRODUCTION .. .. ..... .. ......................... .. .. ...................................................... ........................ .. ...... ........................ .. ...... 24 
3.2 COMB-LINE FILTER ........ ..... ....... ....................... .. .. ........................................................................................................ 24 
3.3 SCHEMATIC MODEL .............. ... ...................... ... ......... .. .... .................. ......... ... ....... .... .... ...... .. ......... .... ..... .. .. .. ... .... ... ...... 27 

3.3.1 Variation of The Loading Capacitances and The Resonators Length .................................................................... 29 
3.3.2 Variation of The Spacing Between The Two Coupled Lines ................................................................... .. .... ...... . 30 
3.3.3 Variation of The Width of The Lines ...... .. ...................... .... ......... .. .... ... ...... ........................................ ..... .. ........... 31 
3.3.4 Variation of The Tap Position ... .... ........................ ....... .. .................................. .. ....... ....... .................... .. ....... ...... .. 31 

3.4 MOMENTUM MODEL ............................. ....... .. ....... ... .......... ... ............. ....... ... .. .................................... .... ....................... 35 
3.5 CONCLUSIONS ... ...... ....................................... .... .............. .. .... ... .... ............ ...... ....... ... ...... ........ ..... ............ .......... ....... .... 42 

CHAPTER 4 FILTER MEASUREMENTS .................................................................................................................. 43 

4.1 INTRODUCTION ................ .. .. .. ....... .................... ..... .......... ..... ......... ... ............ ....... .. ......... .. ......... ... .. ...... ..................... .. .. 43 
4.2 COMPARISON BETWEEN THE MEASUREMENT- AND THE SIMULATION RESULTS .... .. .............. .. ............................ .. .. .. . .43 
4.3 CONCLUSIONS ................. ... ... ...... ... ... .. ............. ... .. .. ....... ... .. .. ......... .............. ...... ... ...... .. ..... ... .. ..... .. .. .. ...... ... ... .. .. .. .. ... .. .. 46 

CHAPTER 5 TECHNOLOGY COMPARISON .......................................................................................................... 47 

5.1 INTRODUCTION ......... .. .. ....... ..... ............................. ... ................ ......... .......... ... ... .... .. ... .. ........... ..... .. .. ............................. 47 
5.2 LAMP2 ........ .. ..... .. .. ... .. ........ .................................. ...... ....... ... .... ............. .... ... .. ....... ... .............. .... .. ......... .. .. .......... .. .. .. .. 47 
5.3 LTCC ............................................................................................................................................................................ 48 
5.4 PASSI ... ..... ....... .. ..... .................................................. ...... ................ .... ....................................................... .... .............. 51 
5.5 CONCLUSIONS ................................................................ ..... ................................................................. , ...... .... ... ... .. ...... 53 

CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS ................................................................................ ,54 

REFERENCES ............................................... ........................... , ...................... .................................................................... 56 

2 



APPENDIX A ................................. , ..................................................................................................................................... 58 

A . l THERMAL NOISE .... , .. .. ........................................................................... .. ......... ..... .. ..... .... ..... .......... ... ........ .. ...... . ........ 58 
A.2 NOISE FACTOR AND NOISE FIGURE .... . ........ .. ......... .. ... .. .. ... .. .. .. ......... ... ....... .. .. ... .. .... . .... .... . .... ... ....... .. .......................... 59 
A.3 LINEAR ANALYSIS CALCULATIONS OF THE RECEIVER CHAIN .... ............... ............ . .. . ............ . .. ... ... . .. ... ... ... ... .. .. .. .... . .. .. 60 

A.4 NONLINEAR ANALYSIS CALCULATIONS OF THE RECEIVER CHAIN ... . ........ .. ................................................................ . 62 

APPENDIX B ........................................................................................................................................................................ 67 

B.l Two INTERFERERS ...... .. .. . .. ......... .. ..... .. .. .... ... ........... . ..................... .. .... .. .... .. .... .. .. .. .. ....... ... ...... ... .. ........ . .. .. ... .. .. ... ........ 67 

B .2 ONE INTERFERER .. ..... .. ..... .. ... .... .. .. .. ................... .. .... . .. ... ...... .. ... .. .. .......... .... .. .. ... ......... ... . .. ..... .. .. ... ... .... .. ......... .. ... ........ 70 

APPENDIX C ....................................................................................................................................................................... 71 

RESULTS OF THE SIGNAL, NOISE, AND INTERFERENCE CALCULATION USING MINIMUM SENSITIVITY AND THE MINIMUM 

BLOCKING SPECIFICATIONS ..................................... .. ... ........... . .... .. .......... ..... .... .. ..... ... ............................ ..... .. ............... ... .. 71 

APPENDIX D ....................................................................................................................................................................... 74 

D . l DXF MASKLAYOUTSOFTHELAMP2 ANTENNA BANDPASS FILTERS ................. .. ........... . .... .... .... ... . .. .......... . ..... ..... . 74 

D.2 MEASUREMENT RESULTS OF THE LAMP2 ANTENNA BANDPASS FILTERS ............. ............... ... ..... .................. .. .... .... ... 76 

3 



Preface 

Wireless communication keeps moving and changing its direction. Wireless technology came to existence in 
1901, when Guglielmo Marconi successfully transmitted radio signals across the Atlantic Ocean. The idea of 
replacing wired telephone communications with electromagnetic waves through the air was simply 
overwhelming and portrayed an exciting future. 
Today, most people already have a cellular phone and yet the demand for wireless connectivity is still growing. 
The growing demand for wireless connectivity sets an important trend for future wireless communication 
systems to evolve beyond today's voice-based cellular services towards more flexible and wideband 
applications (multimedia) and towards higher carrier frequencies. A good example of these trends is the 
upcoming standards for high-bandwidth wireless local-area network (WLAN) in the 5-6 GHz band. 
Designing analog front-ends for these future wireless applications is quite challenging. Next to the strict 
technical aspects, these applications also require compact form and low-cost realization. These demands are 
critical for the success of these applications. 

This thesis presents an investigation into integrated antenna bandpass filters for a 5 GHz Wireless Local-Area 
Network (WLAN) Radio module using IEEE 802.11a standard. It has been carried out in the Marketing Strategy 
and Innovation (MSI) department as part of the Business Line RF (BL RF) Modules at Philips Semiconductors 
Nijmegen from May 2002 to February 2003. 
This thesis begins with the analysis of the 5 GHz WLAN system to calculate the specifications needed for the 
antenna bandpass filter design. This thesis focuses on integration of the antenna filter in the laminate (LAMP2) 
platform. However, the designs of the antenna filter in the other platforms used by Philips Semiconductors such 
as Low Temperature Co-fired Ceramic (LTCC) and passive integration on silicon (PASS!) are also made in 
order to compare the size and the performance of the filter in these platforms. 
Later in this work process, filter samples are made in order to test if measurement results fit in with simulation 
results. Measurement results can differ from simulation results due to process variations in the LAMP2 
platform. All the samples are designed using the RF design tool ADS (Advanced Design System) from Agilent 
Technologies. ADS allows for both circuit (schematic) and electromagnetic (momentum) simulations. 

This report begins with the background knowledge and the analysis of the 5 GHz WLAN system and leads the 
reader to the design of integrated antenna bandpass filters. 
This report consists of 6 chapters. Chapter 1 gives the background knowledge and the analysis of the 5 GHz 
WLAN system to calculate the specifications needed for the antenna bandpass filter design. Chapter 2 first 
discusses various filter concepts and the technologies available at Philips Semiconductor. From this discussion, 
the filter concept- and the technology choice are made later in this chapter. Chapter 3 describes step by step how 
to design the filter. It begins with the filter equations, and then the schematic model and the momentum model, 
and finally it ends with the DXF mask of the filter. Chapter 4 compares the measurements- with the simulations 
result of the filter. This chapter also discusses the similarities and the differences between the measurements
and the simulations result, and also the factors that cause these differences. Chapter 5 presents the technology 
comparison between LAMP2, LTCC, and P ASSI in terms of the size and the performance of the filter. Finally, 
some conclusions will be drawn and some recommendations will be made in chapter 6 with regard to this 
antenna bandpass filter design. 
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Chapter 1 

5 GHz Wireless LAN System 

1.1 Introduction 

The purpose of this chapter is to describe the 5 GHz Wireless Local-Area Network (WLAN) system. First, 
WLAN configurations are given in section 1.2. In sections 1.3 and 1.4, the system specifications of the 5 GHz 
WLAN system in general and the specifications of each block of the receiver chain are described. Using that 
information, the insertion loss and the selectivity specification of the antenna bandpass filter are calculated in 
sections 1.5 and 1.6. Later in this report, this blocking specification is used in the filter design. Finally, the 
conclusions are given in section 1. 7. 

1.2 Configurations 

WLANs use electromagnetic waves to communicate from one point to another without relying on any physical 
connection. WLANs can be simple or complex. At its most basic, two PCs equipped with wireless adapter cards 
(figure 1-1) can set up an independent network whenever they are within range of one another. This is called a 
peer-to-peer network. WLAN has a maximum range of about 10 meters indoor and 60 meters outdoor. The 
propagation loss increases approximately with 6 dB in free air and 12 dB (worst case) inside buildings each time 
the distance doubles. The maximum raw data rate of WLAN is 54 Mbit/s. On-demand networks such as in this 
example require no administration or preconfiguration. In this case each client would only have access to the 
resources of the other client and not to a central server. 

Figure 1-1 A wireless peer-to-peer network. 

Installing an access point (AP) (figure 1-2) can extend the range of an ad hoc network, effectively doubling the 
range at which the devices can communicate. Since the access point is connected to the wired network each 
client would have access to server resources as well as to other clients. Each access point can accommodate 
many clients; the specific number depends on the number and nature of the transmissions involved. Many real
world applications exist where a single access point services from 15 to 50 client devices. 
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Figure 1-2 Client and Access Point. 

Access points have a finite range, on the order of 150 meters indoor and 300 meters outdoors. In a very large 
facility such as a warehouse, or on a college campus it will certainly be necessary to install more than one 
access point (figure 1-3). Access point positioning is accomplished by means of a site survey. The goal is to 
blanket the coverage area with overlapping coverage cells so that clients might range throughout the area 
without ever losing network contact. The ability of clients to move seamlessly among a cluster of access points 
is called roaming. Access points hand th~ client off from one to another in a way that is invisible to the client, 
ensuring unbroken connectivity. 

Figure 1-3 Multiple access points and roaming. 

To solve particular problems of topology, the network designer might choose to use Extension Points (EP) 
(figure 1-4) to augment the network of access points. Extension Points look and function like access points, but 
they are not tethered to the wired network as are APs. EPs function just as their name implies: they extend the 
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range of the network by relaying signals from a client to an AP or another EP. Multiple EPs may be connected 
together in order to pass along messaging from an AP to far-flung clients. 

Figure 1-4 Use of an extension point. 

One last item of WLAN equipment to consider is the directional antenna (figure 1-5). Suppose there was a 
WLAN in building A and it had to be extended to building B, 1.5 km away. One solution might be to install a 
directional antenna on each building, each antenna targeting the other. The antenna on A is connected to your 
wired network via an access point. The antenna on B is similarly connected to an access point in that building, 
which enables WLAN connectivity in that facility. 

Figure 1-5 The use of directional antennas. 

1.3 System Specifications 

The American IEEE and European ETSI organizations have made their standards for the 5 GHz band: IEEE 
802.11a and HIPERLAN/2. These two standards are based on orthogonal frequency division multiplexing 
(OFDM) modulation. OFDM is a method of digital modulation in which a signal is split into several 
narrowband channels at different frequencies to efficiently manage intersymbol interference and multipath 
distortions. That makes OFDM very suited for indoor wireless communications. 

802.11a specifies three frequency bands that can be used: 5.15 - 5.25 GHz, 5.25-5.35 GHz, and 5.725- 5.825 
GHz. HIPERLAN/2 specifies two bands: 5.15 - 5.35 GHz and 5.470 - 5.725 GHz. Nowadays, the 
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HIPERLAN/2 standard is not used anymore and only the 1EEE 802.11a standard is used. Because in some 
countries, one or more of these 1EEE 802.11a frequency bands are not available, it is desired to make a universal 
filter that passes all these three frequency bands. Therefore, the filter design in this report considers the 1EEE 
802.11a standard with the frequency range from 5.15 to 5.825 GHz. 

lnformatiou data rate 6, 9, 12, l B, 2A, 36, 48 and 54 Mbit/5 
(6, 12 and 2A Mbit/5 .ue 11lAllC!atory) 

BPSK-OFDM 

Modulation 
QPSK-OFDM 
16-QAM-OFDM 
64-QAM-OFDM 

Coding rate 1/2, 213, 3/4 
K=7 (64 states) 

Nom ber of subcarrien 52 

OFDM symbol duration 4.0 j.J.S 

Guard interval 0.8 ~s 8(T m} 

Occupied Bandwidth 16.6MHz 

aRefer to clause 17.3.2.4 

Table 1-1 Key parameters ofOFDM PHY for the IEEE 802.lla standard. 

Both standards foresee several data rates up to 54 Mbps, using different modulation schemes at different coding 
rates. Table 1-1 shows the key parameters of the OFDM physical layer (OFDM PHY) for the 1EEE 802.11a 
standard [1]. 

For each data rate, the receiver has a minimum input level sensitivity, and requires sufficient adjacent channel
and alternate-adjacent channel rejection as shown in table 1-2 in order to get the Packet Error Rate (PER) less 
than 10 % at a PHY sub layer Service Data Units (PSDU) length of 1000 bytes. The minimum input levels are 
measured at the antenna connector (a NF of 10 dB and 5 dB implementation margin are assumed) as shown in 
figure 1-6 [1]. 

Data rate miDimum semitivity Adjacent challllfl Alternate adjacent 
rej ectioa cb.aon el rejection 

6Mbit/s -82dBm 16 dB 32dB 

9Mbit/s -S1 dBm l5 dB 31 dB 

12Mbit/s -79dBm l3dB 29dB 

18 Mbit!s -77 dBm 1l d8 27dB 

24MbitJs -74d8m 8 dB 24dB 

36Mbit/s -70dBm 4dB 20 dB 

48 Mbit/s -66dBm OdB 16dB 

54 Mbit!s -65d8m -1 dB l5dB 

Table 1-2 Receiver performance requirements for the IEEE 802.11 a standard. 
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Higher rates cause data to be delivered less reliable and more sensitive to interference. Therefore the minimum 
input level has to be increased at higher data rates to maintain the PER less than 10 %. That explains why the 
sensitivity decreases when the data rate increases, as shown in table 1-2. 

I Bant=1 GHz 

/ 

/ 
/ 

/ 

L,~l '-_R_a_d_io----'t---/••,__:_v_em-od----' 

1 (input) 4 (output) 

NF +implementation margins= 10 + 5 dB 
= 15 dB 

Breceiver = 18 MHz 

Figure 1-6 System bandwidth and noise figure requirement. 

From the system requirement in table 1-2 and figure 1-6, the required SIN at the input of the demodulator 
(S/N)4,required can be calculated. The (S/N)4,required for the maximum (54 Mbit/s) and minimum (6 Mbit/s) data rate 
will now be calculated based on the minimum sensitivity: 
Noise at the output of the antenna: 
N1 = kToBant = -174 + 10 X log(1 X 109

) = -84 dBm, 
where k is the Boltzmann's constant (k = 1.38 x 10-23 J/K), T0 the room temperature (To= 290) and Bant the 
antenna bandwidth (Ban1 = 1 GHz). 

For a data rate of 54 Mbit/s: 
sl =-65 dBm 
(S/N)l,54Mbit!s,required = S1- N1 = -65- (-84) = 19 dB 
(S/N)4,54Mbit/s,required = (S/N)l,54Mbit/s,required + 10 X log(Ban!Breceiver) - (NF +implementation margin) = 19 + 17.4-
15 = 21.4 dB, 
where Breceiver is the receiver bandwidth CBreceiver = 18 MHz). 

For a data rate of 6 Mbit/s: 
sl =-82 dBm 
(S/N)l,6Mbitls,required = 2 dB 
(S/N)4,6Mbit/s,required = 4.4 dB 

The specifications above also show that the required SIN at the demodulator input increases with the data rate. 

All radio communication systems use the same medium and they can interfere with each other. Therefore it is 
important to know how strong the interferers are and in which frequency band they exist. Table 1-3 shows the 
main mobile communication systems available at this moment. 
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System Mobile Transmit Characteristics 
TX band (GHz) TX power ( dBm) 

IS-94 TDMA 0.824-0.849 32 
IS-95 CDMA 0.824-0.849 33 
GSM 0.890-0.915 34 
DCS1800/1900 1.710-1.785 29.1 

PCSTDMA 1.850-1.910 32 
PCSCDMA 1.850-1.910 33 
PCS 1900 (GSM) 1.850-1.910 33 
W-CDMA 1.850-1.910 

DECT 1.880-1.900 24 
PHS 1.895-1.918 

UMTSFDD 1.920-1.980 33 
1.900-1.920 

UMTSTDD 2.010-2.025 33 

Bluetooth LOB spec BGB100 2.400-2.4835 20 

Table 1-3 Mobile communication systems and two of their transmit characteristics. 

1.4 Receiver Chain 

In order to calculate the antenna filter specifications, the function of each block in the receiver chain must be 
understood and the block specifications must be known. Figure 1-7 and figure .1-8 show the block diagram of 
the receiver chain [3] and the block specifications respectively. All the parameters in figure 1-8, except the 
insertion loss of the front-end (ll.,FE) , are obtained from the data sheet. The ll.,FE is obtained from the calculations 
in section 1.5. 

Front-End (FE) 

BPF Balun 

--------------------------· 

Figure 1-7 Block diagram of the receiver chain. 

LO 

Mixer +Back-End (BE) 

Channel 
Select 
Filter 

VGA 

'------- -----------------------
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Ban1 =1 GHz 
Antenna isolation = 20 dB 

1 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

ILFE = 4 dB 
NFFe = ILFe 
BFe =675 MHz 

GLNA = 15 dB 
NFLNA = 0.6 dB 
IP3 LNA =-I dBm 

Mixer+ 
Back-End 

' ' ' ' ' ' 

V,;g,peak-p.u = 0.5 V 
R= 15 k[l 
S4 = -26.8 dBm 

' ' ' ' 

4 
De mod 

NFmix+BE = I 0 dB 
IP3m;..,. = 8 dBm 
Gmix+Be = GvGA - IL.~wmel = variable 
Bmix+BE = 18 MHz 

Figure 1-8 Building block specifications. All the parameters, except the insertion loss of the front-end (ILFE), are 
obtained from [2]. The ILFE of 4 dB is chosen based on the discussion in section 1.6. 

The signal, including interferers, is received by the antenna (see figure 1-7). The switch separates the received 
signal from the transmitted signal. From the switch, the received signal goes to the antenna bandpass filter. The 
antenna bandpass filter is a band-select filter which needs to pass the desired signal with low loss and needs to 
have sufficient out-of-band interference rejection. It is important to note that typical filters exhibit a trade-off 
between the loss and the selectivity. 
The balun (balanced to unbalanced) provides balanced outputs from an unbalanced input. The signal goes 
further from the balun to the low-noise amplifier (LNA) to be amplified. Since the LNA is the first gain stage in 
the receiver path, its noise figure has a dominant influence. Therefore an LNA requires a low noise figure. 
The signal is then translated by the mixer to much lower frequencies to relax the fractional bandwidth 
requirements (- 1/Q) of the channel-select filter because filtering a narrow channel that is centered at high 
frequencies demands prohibitively high Q's. Because of its typically high noise, the downconversion mixer is 
preceeded by an LNA. 
After the desired channel was selected by the channel-select filter, the signal is amplified by the variable-gain 
amplifier (VGA) to the signal level required for the demodulator. 
Because of the non-linearity of non-linear elements such as an LNA and a mixer, the components of the 
interferers at particular frequencies will be translated to the same frequency band as the signal itself. This effect 
is called "intermodulation". Therefore the antenna filter requires sufficient interference rejection at particular 
frequencies where the interferers exist. Another effect of an LNA is "blocking", which occurs when an LNA 
processes a weak, desired signal along with a strong interferer. 

There are many types of undesired signals in radio communication systems, but two types of undesired signals 
need to be taken into account in designing an antenna bandpass filter: noises from internal noise sources of each 
receiver block and interferers from other radio communication standards. The effect of internal noise sources of 
each component will be discussed in section 1.5. Later in section 1.6, the effect of interferers will be discribed 
and finally the calculations of the antenna filter specifications will be given. 
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1.5 Linear Analysis Receiver Chain 

In order to better understand the effect of internal noise sources of each component, the linear analysis of the 
receiver chain has to be done. The linear analysis calculations of the signal level, noise level, signal to noise 
ratio, gain, and noise figure at each point of the receiver chain (figure 1-8) are given in appendix A.3. 
The linear analysis is meant to calculate the signal level and the noise level from internal noise sources at each 
point of the receiver chain without taking the nonlinearity of the nonlinear elements, such as an LNA and a 
mixer, into account. This linear analysis, together with the nonlinear analysis (chapter 1.6), will be further 
discussed in chapter 1.6 using the graph of the signal level, noise level and the interference level in the desired 
band at each point of the receiver chain. 
From the linear analysis calculations in appendix A.3 and assuming that there is no interferer, the maximum 
insertion loss margin equation can be obtained: 

where: 
ILFE is the insertion loss ofthe Front-End [dB]. 
GLNA is the gain of the LNA [dB] 
k is Boltzmann's constant k = 1.38 x 10-23 [J/K.]. 
T0 is the room temperature [K]. 
Breceiver is the bandwidth of the receiver [Hz]. 
NFradio+impi.rnargins is the noise figure ofthe radio block and the implementation margins [dB]. 
Bmix+BE is the bandwidth ofthe mixer and Back-End [Hz]. 
FLNA is the noise factor ofthe LNA. 
Fmix+BE is the noise factor of the mixer and Back-End. 
Impl.margins is the implementation margins [dB]. 

(1.1) 

Using the above equation and the values of the parameters as in figure 1-8, the maximum insertion loss margin 
is calculated: ILFE < 8.44 dB. Although the insertion loss margin is 8.44 dB, it is desired to have the insertion 
loss as low as possible. Therefore a value of 4 dB would be a practicable value for the insertion loss of the front
end. 

1.6 Nonlinear Analysis Receiver Chain 

The nonlinear analysis is meant to calculate the intermodulation product in the desired band caused by the 
nonlinear elements. When the SIN needed at the demodulator input is given, the noise level from internal noise 
sources and the signal level at the demodulator input are calculated, and the transmitted power of the interferer 
is known, the antenna bandpass filter attenuation needed to suppress the interferer can be calculated. The effect 
of interferers is described and the antenna filter selectivity is calculated in appendix A.4. 
Only the case of two interferers is discussed in appendix A.4, because it has a dominant influence on the signal 
to noise-and-interference ratio at the input of the demodulator. The method discussed in this appendix A.4 can 
also be applied for the case of one interferer (see appendix B.2). The difference is only in the equation for the 
intermodulation product ( eq. B.2.6). In the case of one interferer, its intermodulation product increases with the 
received signal. Fortunately, the increment of its intermodulation product is negligible and the total signal to 
noise-and-interference ratio still increases with the received signal. 
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From the nonlinear analysis calculations in appendix A.4, the equation is obtained to calculate the antenna filter 
attenuation needed at a particular frequency: 

where: 

A = G LNA - 2P1p 3 LNA + 3(-Ant .!so.) 

B = -2~P3,mix+BE + 3(GLNA - Ant.Iso.) 

roa = 2nfa [rad/s] but in this report, ro and frequency are used interchangeably. 
BPFroa is the attenuation needed at frequency roa [dB]. 
Ia,ma is the interferer at frequency roa [dBm]. 
Gmix+BE is the gain ofthe mixer and Back-End [dB]. 
N4,required is the required noise level at the input ofthe demodulator (point 4 in figure 1-8) [dBm]. 
N4,toraJ is the total calculated noise level at the input of the demodulator (point 4 in figure 1-8) inclusive the 
implementation margins [dBm]. 
GLNA is the gain of the LNA [dB]. 
PIPJ,LNA is the IP3 of the LNA [dBm]. 
PIP3,mix+BE is the IP3 of the mixer and Back-End [dBm]. 
Ant.Iso. is the antenna isolation [dB]. 

Equation 1.2 shows that BPFroa is independent from the received signal level. 

Furthermore, it has to be noticed that the nonlinearity of the mixer has a dominant influence for the total 
receiver, as discussed in appendix A.4. 

Using the data in figure 1-8 and equation 1.2, the following blocking specifications of the antenna bandpass 
filter are obtained: 
Assuming that there are two interferers: 

a. Bluetooth LOB spec BGB100 and GSM. 

Bluetooth 1.0B spec BGB 100: TX band = 2.4000- 2.4835 GHz and TX power= 20 dBm 
GSM: TX band= 0.890- 0.915 GHz and TX power= 34 dBm. 
In both cases it is assumed that both interferers are right next to the 802.11a receiver, so that Pmt,antenna_in ::=:TX 
power. 

Blocking specifications of the BPF: 
• Attenuation at 2.5 GHz ~ 35.6 dB 
• Attenuation at 1.0 GHz ~ 49.6 dB 

The results of the signal, noise, and interferer in the desired band calculations for this case are plotted in figure 
1-9. Figure 1-9 shows that from point 1 to point 2, the signal decreases because of the insertion loss and the 
noise also decreases because of the smaller bandwidth of the front-end compared to that of the antenna (the 
noise figure and the insertion loss annihilate each other). It is a coincidence that the insertion loss is almost the 
same as the reduction in noise obtained from the smaller bandwidth of the front-end. Therefore the figure shows 
that the decreasing ofthe signal is almost the same as that of the noise. 
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From point 2 to point 3, the signal increases because of the gain of the LNA and the noise also increases because 
of the gain and internal sources of noise of the LNA. However, the figure shows that the increasing of the signal 
is quite the same as that of the noise because the noise figure of the LNA is negligible compared to its gain. The 
interference in the desired band exists at the output of the LNA (point 3) because of the nonlinearity of the 
LNA. 
From point 3 to point 4, the signal increases because the variable gain of the mixer and the back-end has to 
increase the signal to a value of -26.8 dBm, that is the specified value of the signal level at the input of the 
demodulator which the demodulator can detect. The noise also increases because the gain and internal sources 
of noise of the mixer and the back-end have larger effect compared to the reduction in noise obtained from their 
smaller bandwidth. It is also a coincidence that the increasing of the noise from point 2 to point 3 is almost the 
same as from point 3 to point 4. The interference also increases from point 3 to point 4 because of the 
nonlinearity and the gain of the mixer and the back-end. 

All the results of the signal, noise, and interference calculation using the minimum sensitivity and the minimum 
blocking specifications for this particular case are given in appendix C. 

Figure 1-10 shows that the attenuation that the filter needs to provide at the Bluetooth frequency increases 
asymptotically as the insertion loss approaches a value of 8.44 dB (the insertion loss margin). 
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Figure 1-9 S, N, and I at each point in the receiver chain for a data rate of 54 Mbit/s. 
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Figure 1-10 The attenuation that the filter needs at Bluetooth frequency. 
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b. UMTS TDD and PCS 1900 (GSM). 

UMTS TDD: TX band= 2.010- 2.025 GHz and TX power= 33 dBm 
PCS 1900 (GSM): TX band= 1.850-1.910 GHz and TX power= 33 dBm 
In both cases it is assumed that both interferers are right next to the 802.lla receiver, so that Pmt,antenna_in =TX 
power. 
Blocking specifications of the BPF: 
• Attenuation at 2.1 GHz ~ 48.6 dB 
• Attenuation at 2 GHz ~ 48.6 dB 

1. 7 Conclusions 

There are many types of undesired signals in radio communication systems, but two types of undesired signals 
need to be taken into account in designing an antenna bandpass filter: noises from internal noise sources of each 
receiver block and interferers from other radio communication standards. 
There are two analyses of the receiver chain that have to be done to calculate the antenna bandpass filter 
specifications: the linear and nonlinear analyses. The linear analysis is meant to calculate the signal level and the 
noise level from internal noise sources at each point of the receiver chain without taking the nonlinearity of the 
nonlinear elements, such as an LNA and a mixer, into account. From the linear analysis, it can be seen that the 
noises from internal noise sources can be reduced by reducing the bandwidth of the receiver. The nonlinear 
analysis is used to calculate the intermodulation product in the desired band caused by the nonlinear elements. 
Due to the nonlinearity of the elements in a receiver, the intermodulation product resulting from two strong 
interferers can appear in the desired frequency band and corrupt the desired signal. Therefore an antenna filter is 
needed to suppress out-of-band signals and this filter should also pass the desired signal with low loss in order 
to get the desired signal to noise- and interference ratio at the demodulator. It has to be noticed that the 
nonlinearity of the mixer has the most influence for the total receiver, as discussed in appendix A.4 
The effect of the intermodulation product of one interferer is negligible compared to that of two interferers. 
Therefore it is sufficient to use the two-interferer approach to calculate the blocking specifications of the 
antenna bandpass filter. 
When the SIN needed at the demodulator input is given, the noise level from internal noise sources and the 
signal level at the demodulator input are calculated, and the transmitted power of the interferer is known, the 
antenna bandpass filter attenuation needed to suppress the interferer can be calculated. 
From the calculations of the required insertion loss and the selectivity of the filter, the antenna bandpass filter 
specifications are obtained and summarized in table 1-4. Table 1-4 shows that the insertion loss ofthe bandpass 
filter = ll.,FE -ll.,switch+balun = 2.5 dB (maximum) because the practical value ofiLFE is 4 dB and a value of 1.5 dB 
would be sufficient for the insertion loss of the switch and the balun together. 

Parameter Min. Typ. Max. 

Frequency band 5.15- 5.825 GHz 
Center Frequency 5.4875 GHz 
Insertion Loss 2dB 2.5dB 
Attenuation at 2.5 GHz 36dB 40dB 
Attenuation at 2.1 and 2.0 GHz 49dB 
Attenuation at 1.0 GHz 50 dB 
Input Impedance 500 
Output Impedance 500 

Table 1-4 Summary of the antenna BPF specifications. 
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Chapter 2 

Filter Theory 

2.1 Introduction 

Nowadays there are various types of microwave filters. Therefore, a choice of the filter type has to be made. 
This choice depends on for which applications the filters will be used and also the available technology. ill 
WLAN applications, the most important parameters are: the cost, size, and electrical properties (the insertion 
loss and selectivity). Basically there is no maximum size specification for the filter, but it is always desired to 
make the filter as small as possible. 
ill section 2.2, the properties of the various printed microwave filter concepts are first given, and then the 
technology choice available at Philips Semiconductor Nijmegen and their properties are described in section 2.3. 
Using that knowledge, the filter type is selected, and presented in section 2.4. The conclusions are presented in 
section 2.5. 

2.2 Filter Concepts 

ill this section, the summarized major properties of the various types of filters are discussed. For transmission 
line types of filters, only filter structures with a length of a quarter wavelength or less are presented in this 
section. Filter structures with a length of more than a quarter wavelength are not an option due to their larger 
size. 

2.2.1 Lumped Elements Filter 

Figure 2-1 Lumped elements filter. 

It may be possible to use semi-lumped elements to design a filter, and analysis in terms of the lumped-element 
structures as in figure 2-1 may be helpful as a guide for design of semi-lumped-element microwave filters. 
Figure 2-1 shows that this type of filter uses lumped- shunt resonators and coupling capacitances [4]. The 
capacitances of the resonators are used to determine the resonant frequency as wel as to form the J-inverters 

together with the couling capacitances. This structure is ssuitable for designs with fractional bandwidth w= Bw 
fc 

~0.20. 
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2.2.2 Band-Pass Filter with Wide Stop Band 

Transmission line 

Ground 

Figure 2-2 Band-pass filter with wide stop band. 

All of the filter structures discussed in this section that involve transmission lines tend to have additional pass 
bands at frequencies which are multiples of their first pass-band frequency. Figure 2-2 shows a filter structure 
which can be made to be free of higher-order pass bands up to quite high frequencies [4]. The center frequency 
of the second pass band rosPB can be made to be as high as five times that of the first pass band roo or more. This 

A. 
filter structure has a length of about - 0 and it is quite compact. The short-circuited ends of the resonators 

4 
provide mechanical support so that dielectric material is not required. A filter with this structure has multiple
order poles of attenuation at ro = 0. This structure is suitable for designs with w ::;; 0.1 0. 

2.2.3 lnterdigital Filter 

Figure 2-3 Interdigital filter. 
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Figure 2-3 shows an interdigital filter structure [4]. This filter structure is very compact. Each resonator element 
is a quarter-wavelength long at the center frequency and is short-circuited at one end and open-circuited at the 
other end. Coupling is achieved by way of the fields fringing between adjacent resonator elements. This 
structure can be fabricated without using dielectric support material and the spacings between resonator 
elements are relatively large which relaxes mechanical tolerances. The center frequency of the second pass band 
ffisps can be made to be as high as three times that of the first pass band ro0 • A filter with this structure has 
multiple-order poles of attenuation at ro = 0 and ro = 2ro0 • This structure is suitable for designs with w ranging 
from small values up to large values around 0. 7 or more. 

2.2.4 Comb-Line Filter 

Lumped Loading Capacitance 

T 

Figure 2-4 Comb-line filter. 

A comb-line filter shown in figure 2-4 has resonator elements which are short-circuited at one end and 
connected to a lumped capacitance between the other end of each resonator element and ground [4]. Coupling 
between resonators is achieved in this type of filter by way of the fringing fields between resonator lines. This 
filter structure is extremely compact. The resonator length depends on the amount of the capacitive loading 

A 
used. With the lumped capacitors present, the resonator lines will be less than - 0 long at resonance, and the 

4 
coupling between resonators is predominantly magnetic in nature. If the lumped capacitors were not present, the 

A 
resonator lines would be a full - 0 long at resonance, and the structure would have no pass band. This structure 

4 
can be fabricated without using dielectric support material. The center frequency of the second pass band rosPB 

can be made to be higher than moAo , therefore a filter with this structure can be designed with a very broad 
2/ 

upper stop band. This filter structure has multiple-order poles of attenuation at ro = 0 and ro = m oAo . The 
4/ 

disadvantage of this structure is that the unloaded Q's of the resonators are somewhat less than those of 
interdigital filter structure for some strip-line cross section. This structure is suitable for designs having w up to 
about 0.15. 
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2.2.5 Hairpin-Line Filter 

l < A.J4 

Figure 2-5 Hairpin-line filter. 

Figure 2-5 shows an hairpin-line filter structure [5]. This filter structure uses the basic principle of a half
wavelength coupled-line filter, but the resonators of this structure are bent, as shown in figure 2-5, to make it 

2 
more compact. Therefore, this filter structure has a length of somewhat less than - 0 

• Traditionally, the interarm 
4 

spacings in hairpin-line filter design is kept so large that the coupling between the arms can be neglected. 
Therefore it is larger than interdigital and comb-line filters. Fortunately this structure requires no grounding so 
that a large number of filers can be simultaneously printed on a single substrate board leading to lower 
production cost. A filter with this structure has very strong stopbands and the structure is suitable for design of 
narrow band filters. 

2.2.6 Filter Concepts Discussion 

The filter concepts in section 2.2.1 to 2.2.5 can be classified in three types of filters in general: filters with 
lumped-elements (section 2.2.1), transmission lines (sections 2.2.2, 2.2.3, and 2.2.5), and a combination 
between lumped-elements and transmission lines (section 2.2.4). The advantages and disadvantages of lumped
elements and transmission lines will now be discussed. 

There are two types of lumped-elements: integrated lumped-elements and discrete lumped-elements such as 
Surface Mounted Devices (SMDs). In general, the advantage of these two types of lumped-elements is that they 
have a small size and the disadvantage is that there are parasitics associated with these components and their 
influence increases with frequency. Furthermore, the structure of the filter using lumped-elements is more 
complex. For example for a forth-order bandpass filter, a LC filter needs two inductors and two capacitors for 
the resonators while for a capacitively loaded comb-line filter, only one pair of coupled lines and two loading 
capacitors are needed. 
The disadvantage of integrated lumped-elements is that for integrated inductors, they have low Q's in general. 
For integrated capacitors, the size depends on the dielectric constant and the thickness of the dielectric and 
therefore it depends on the technologies available. PASSI is the most suitable for integrated capacitors (see 
section 2.3). 
The disadvantage of discrete lumped-elements is that low cost SMD capacitors (or inductors) have a quite big 
spread in the capacitance (or inductance) values. Besides that, low cost SMD capacitors have a quite large 
Equivalent Series Resistance (ESR) value of about 250 rnn (8]. 
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The advantage of transmission line types of filters is that they have a good performance (low loss I high Q). The 
disadvantage is that they have large dimensions. 

Based on the discussion above, the combination of a transmission line and a lumped-element filter such as 
comb-line filter will be used because it gives a good compromise between the size and the performance of the 
filter. 

2.3 Technology Choice 

There are three technologies used by Philips Semiconductors: Low Temperature Co-fired Ceramic (LTCC), 
passive integration on silicon (PASSI) and laminate (LAMP2). 

1. LTCC is a multi-layer ceramic material for hybrid interconnection (connection of Si/GaAs devices and 
discrete SMDs) and passive integration (inductors, capacitors and transmission lines) [6]. Ceramic sheets 
printed with Cu paste conductor patterns are laminated above each other and co-fired to form a ceramic 
plate. Electrical connection between the patterns on different sheets is made with vias. Figure 2-6 shows the 
construction ofKyocera 5-layer LTCC. The substrate layers are from Kyocera glass ceramic GL660 with a 
layer thickness from 0.10 mm to 0.30 mm which has a dielectric constant of 9.5 and a dissipation factor of 
16 x 10 4 at 3.2 GHz. The substrate total thickness is minimum 0.50 mm. A pure copper (Cu) conductor 
with conductivity of 3.3 x 10 7 S/m is used for the metallization. 

Top side conductor 
Via Thermal via 

Dielectric layer 

Back side conductor 

Figure 2-6 Construction ofKyocera 5-layer LTCC. 

2. P ASSI is used to integrate high quality factor RF inductors, capacitors and their interconnect onto high 
ohmic silicon [7]. It has three metal layers (IN, INS and INT) with conductivity of 3.1 x 10 7 S/m, two 
dielectric layers (SiNx with a dielectric constant of 7.0 and SiOx with a dielectric constant of 5.4) and a 
scratch protection layer. The capacitors are formed by the SiNx dielectric sandwiched between the two lower 
metal layers IN and INS. The inductors and interconnect are in the top metal layer INT. The substrate uses 
high resistivity silicon with p > 4 Knm, a dielectric constant of 11.7 and a thickness of 200f.U11. The 
technology cross-section of the PASSI process is shown in figure 2-7. 
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Figure 2-7 Cross-section of the PASSI process. 

3. LAMP2 has a similar module substrate functionality as LTCC, that is a combination of several technologies 
that allows for the design of RF modules to be mounted on circuit boards [8]. The substrate of these 
modules may carry SMD-components and several active or passive dies, which are connected by wire 
bonding to the circuit of the substrate. The difference between LTCC and laminate lies in the material 
properties and the manufacturing process. Different material properties and a different manufacturing 
process cause different tolerances, linewidths, and other specifications between L TCC and laminate. 
Laminate has a lower metallic loss than L TCC but the dielectric loss of laminate is higher than that of 
LTCC. 
The LAMP2 substrate consists of a laminate substrate with six interconnect layers separated by five 
dielectric layers and is suited for the design of inductors and waveguide structures. However, this 
technology is less suitable for integration of capacitors because of its large layer thickness and its low 
dielectric constant. The choice of the technologies which the LAMP2 platform has been composed of, is 
determined by: high quality, low production costs, and fast through-put time. 
The substrate of the LAMP2 platform is composed of two sequential build up (SBU) layers, two core layers 
and one prepreg layer in between as shown in figure 2-8. For this platform the material GETEK ML200 
from GE Electromaterials is chosen as a basis: for the cores glass type 2313H with a dielectric constant of 
3. 9 and a thickness of 100 J.Ull, and for the prepreg layer glass type 7 628 with a dielectric constant of 3. 9 and 
a thickness of 129 J.Ull. For SBU layer Mitsui MR600 with a dielectric constant of 3.4 and a thickness of 89 
J.Ull is chosen. These layers can be interconnected by different types of vias as shown in figure 2-8. 
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Figure 2-8 Build-up of the LAMP2 substrate. 
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LAMP2 platform is chosen mainly because of its high quality, low production costs, and fast through-put time. 
Furthermore, the Bluetooth module also uses this platform. Therefore by using this platform for the 5 GHz 
WLAN, the Bluetooth technology can be reused with some adjustments. The disadvantage of this platform is 
that this platform has relative low dielectric constants (3.4 for the SBU and 3.9 for both the prepreg and the 
cores) compared to PASS! and L TCC. 

2.4 Concept Choice 

In this section, a choice of filter structures used as an antenna filter for the 5 GHz WLAN (IEEE 802.11a) will 
be made. This structure needs to meet all performance specifications and should be quite compact. In LAMP2, it 
is possible to make a lumped-element filter (by using SMD- capacitors and inductors), a transmission line filter 
(microstrip lines or coplanar wave guide), and a combination of those two types of filters. 

The choice is made by comparing all the filter structures described in section 2.2 and then choosing the best 
filter structure. The comparison is made using the following criteria: performance, design compatibility, tuning 
ability, size, sensitivity to technology variations, complexity and design time (time to market). 

The first criterion is the performance. As discussed in section 2.2, the performance of a transmission line filter is 
better compared to a lumped-element filter (LC filter) because it has a low loss (high Q). 

The second criterion is the design compatibility. This criterion is the ability of the filter to be implemented in 
different types of technologies available. Basically all types of filters discussed in section 2.2, including a LC 
filter, can be implemented in different types of technologies discussed in section 2.3. However, as discussed in 
section 2.2, it is difficult to implement a LC filter. 

The third criterion is the tuning ability. It is clear that it is more difficult to make some changes to the structure 
ofthe LC filter in the Momentum simulation because of its complexity. This will be worse when the order ofthe 
LC filter increases. Transmission lines filters are much easier to tune than LC filters . 

22 



The forth criterion is the size. In term of this criterion, a LC filter is better than a transmission lines filter. 
However, as discussed in section 2.2, low cost SMD capacitors and inductors that can be used for the LC filter 
have a quite big spread in capacitance and inductance values. When integrated inductors are used, the 
performance of the filter decreases with its size because the smaller the line width of the inductor the lower the 
unloaded Q of this inductor. When using a technology with a small dielectric constant and a thick dielectric 
layer, it is difficult to make small integrated capacitors. Furthermore, the parasitic effects between the inductors 
and capacitors also increase by reducing the size of the LC filter. A combination of a LC filter and a 
transmission lines filter such as comb-line filter gives a good compromise between the size and the performance 
of the filter. 

The fifth criterion is the sensitivity to technology variations. Because of the complexity of a LC filter using 
integrated LCs, it is more sensitive to the variations, for example the variation in the substrate thickness, line 
width and spacing between lines. Transmission lines filters are less sensitive to the variation because of their 
simple structure. 

The sixth criterion is the complexity and design time. The complexity correlates to the design time. The more 
complexity the filter has, the more time needed to design the filter and to simulate the structure of the filter, 
especially for EM simulation. A LC filter is more complex than a transmission lines filter or a combination of a 
LC filter and a transmission lines filter such as comb-line filter as discussed in section 2.2. 

From the above discussion, the comb-line filter structure is chosen because it gives a good compromise between 
A, 

the size and the performance of the filter. The other transmission lines filters have a length of about - 0 
, so they 

4 
are not suited for this application because of their large dimensions. LC filters are also not suited because of 
their complexity, parasitic effects, sensitivity to technology variations, having a big spread in capacitance and 
inductance values when using SMDs, and the decreasing of their performance with size when using integrated 
inductors. 

2.5 Conclusions 

The most important parameters in filter designs for WLAN applications are: the cost, size, and electrical 
properties (the insertion loss and selectivity). Basically there is no maximum size specification for the filter, but 
it is always desired to make the filter as small as possible. 
The filter concepts discussed in this chapter can be classified in three types of filters in general: filters with 
lumped-elements, transmission lines, and a combination between lumped-elements and transmission lines such 
as a comb-line filter. For this application, the comb-line filter concept is chosen because it gives a good 
compromise between the size and the performance of the filter. 
There are three platforms used by Philips Semiconductors to make filters : Low Temperature Co-fired Ceramic 
(LTCC), passive integration on silicon (PASSI) and laminate (LAMP2). LAMP2 platform is chosen mainly 
because of its high quality, low production costs, and fast through-put time. Furthermore, the Bluetooth module 
also uses this platform. Therefore by using this platform for the 5 GHz WLAN, the Bluetooth technology can be 
reused with some adjustments. 
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Chapter3 

Filter Design 

3.1 Introduction 

In this chapter, the comb-line filter design methods are described step by step. In section 3.2, the structure of the 
comb-line filter and the design equations for the comb-line filter are given. In section 3.3, the schematic models 
of the filter in ideal situation (without parasitic effects) and in practice (with parasitic effects) are presented and 
the methods to determine the design parameters are discussed. There are two types of filter implementation 
discussed in this chapter: stripline and microstripline. Furthermore, a few filter designs are chosen and then 
optimized in section 3.3. In section 3.4, the momentum simulation of the filters and the effects ofthe technology 
variations are discussed. The conclusions are given in section 3.5. 

3.2 Comb-Line Filter 

A comb-line filter consists of coupled transmission line elements that are grounded at one end and have a 
lumped capacitance between the other end of each resonator line and the ground. There is coupling between the 
resonators by the fringing fields of these transmission lines. By using the loading capacitances, the resonator 
lines are less than A.J4long at resonance. The general structure of the Nth order tapped comb-line filter is shown 
in figure 3-1. 
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Figure 3-1 General structure of tapped comb-line filter. 

Comb-line filter can be implemented in different ways, such as using loading capacitances [4], coupling 
capacitance between two coupled lines [9], stepped impedance resonators (resonators composed of two 
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transmission lines with different characteristic impedances) [10], input/output capacitance coupling [11] and 
tapped-line coupling [12]. 
Loading capacitances and stepped impedance resonators are used to get shorter resonator lines at resonance and 
therefore the structure becomes more compact. Coupling capacitance between two coupled lines and stepped 
impedance resonators are used to generate an extra attenuation pole. Input/output capacitance coupling and 
tapped-line coupling are used to match the input/output characteristic impedance in order to provide more 
flexibility in design. 

The general design equations for the tapped comb-line are derived by Crista} [12] and Caspi [13]. The summary 
of the equations is as follows: 

The tapped resonator line admittance is: 

Yal = Ytt> 
where y11 is the line characteristic admittance. 

To calculate the tapped input electrical length(~), equation 3.1 can be used: 

where: 
0 0 is the electrical length of all resonators at the centre frequency. 

<1> 0 is the electrical tap length at the centre frequency from ground to the input line. 
w is the fractional bandwidth. 
gi is the low-pass prototype filter element values (i=O toN+ 1 ). 
Y A is the input/output admittance. 

The susceptance slope parameter b of the tapped resonator is: 

(3.1) 

The series-shorted stubs of characteristic admittance y12 which determines the coupling between the coupled 
lines can be calculated using: 

wbtan(0 0 ) 

Yt2 = ( )1 12 gtg2 

The admittance of the tap is: 
2 

Y = y - Yt2 
T II 

Y22 
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The loading capacitance of the conventional comb-line filter: 

cs - yal cot(E>o) ,-
CVo 

The additional compensating capacitance is: 

cs = Y]p 
c Jmo(83- spzY]) 

where: 

p = jzT sin(Q0 ) 

8 
= sin(00 ) 

sin(<l>0 ) 

The totalloadin capacitance is: 

CtT = Ct +C: (3.2) 

When using the above equations, one is free to choose the value of Yu (the characteristic admittance of the 

resonator) and 0 0 (the electrical length of all resonators at the centre frequency). The characteristic admittance 

y 11 determines the width of the resonator line. 

From Matthaei [4], the even and odd characteristic impedance are obtained: 

z' = _1_ = _!__ = 1 
oe Y' 

oe Y1 Yu - Y12 
(3.3) 

and 

1 1 1 
zoo= Y' = 2 Y' 

oo Y12 + oe 
(3.4) 

The even characteristic impedance is the characteristic impedance to the ground when equal currents flow in the 
two lines. The odd characteristic impedance is the characteristic impedance to the ground when equal and 
opposite currents flow in the two lines. 
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For the Nth order comb-line filter, the equations for line admittances are: 

i=1,2, .. . , N-1 

y, = Yu- Y12 

Y; = Yu - YH,i - Yi,i+l i=2,3, ... , N-l 

Yn = Ynn- Yn-! ,n 

The even and odd characteristic impedance of line admittances are: 

zi =-•- =_!_ oe i 
Yoe Y; 

i=l,2, ... ,N-l (3.5) 

. 1 1 
z~o =-j =----

yoo 2yi,i+l + Y; 

By means of the equations above, the loading capacitance, even/odd characteristic impedance, electrical tap 
length and total length of the resonators can be calculated using the low-pass prototype element values, 
fractional bandwidth, and input/output impedance. The next step is to calculate the physical dimensions of the 
coupled lines of the filter. It can be easily done, for microstrip- as well as stripline, using the tool called 
"LineCalc" in the simulation programme ADS (Advanced Design System) from Agilent Technologies. ADS 
allows for both circuit (schematic) and electromagnetic (momentum) simulations. 

3.3 Schematic Model 

The problems that have to be solved in a filter design are the parasitic effects such as the loss and the tolerance 
of the filter elements (transmission lines or lumped elements). For example, SMDs have an ESR value and a 
tolerance of about 250 mn and ± 0.1 pF respectively. Furthermore, there are also process tolerances that have to 
be considered. For example for LAMP2, the thickness ofthe dielectric layers has a tolerance of about 10% and 
the width of the metal layers has a tolerance of about ± 15 llffi· 
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Figure 3-2 Ideal second order tapped comb-line filter. 
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Figure 3-2 shows the schematic model and the simulation result of an ideal second order tapped comb-line filter 
in LAMP2. It also shows a stripline structure with metal layer 4 as the signal, and metal layer 2 and 6 as the 
ground. This stripline structure is chosen so that the top surface still can be used for other components such as 
SMDs. The complete information about the dielectric- and metal layers of LAMP2 can be found in Substrate 
Design Rules LAMP2 from Unirnicron. The filter parameters and dimensions in figure 3-2 are calculated using 

the tapped comb-line filter equations and "LineCalc" respectively as discussed in section 3.2. For y 11 and00 , 

values of 50 n and 50 ° are chosen respectively as a starting point. 
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Figure 3-3 Second order tapped comb-line filter with the losses of the SMDs, metal, and dielectric. 
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Figure 3-3 shows the schematic model and the simulation result of a second order tapped comb-line filter with 
the losses of the SMDs, metal and dielectric. In this case, the influence of the vias, SMD footprints, and non
ideal ground is not taken into account yet. That influence will be taken into account in Momentum circuit model 
because Momentum simulation can calculate it more accurately. The influence of the vias is more inductive and 
that of the SMD footprints is more capacitive. 

Knowing the effects of various variations, such as the variation of the loading capacitances, spacing, width, tap 
position, and length, is desired before tuning the filter to get the best trade-off between the insertion loss in the 
pass band and the blocking performance. 

3.3.1 Variation of The Loading Capacitances and The Resonators Length 

In the comb-line filter structure, the loading capacitances together with the transmission lines (microstrip or 
strip lines) form the resonators. Therefore the length of the transmission lines depends on the amount of the 
loading capacitances used. These resonators resonate at the frequency in the vicinity of the center frequency f0• 

When the loading capacitances or the length of the transmission lines changes, the center frequency of the 
comb-line filter is also shifted. 
In the comb-line filter structure, the transmission lines are mainly inductive. Therefore the resonant frequency of 
each resonator: 

1 
(3.6) 

tuo ~ ~LCL ' 

where L the inductance and CL the loading capacitance of each resonator. 
When the loading capacitance increases, the resonant frequency is shifted to the lower frequency. When the 
length of the transmission line increases, the self-inductance of that transmission line increases and therefore the 
resonant frequency is also shifted to the lower frequency. Figures 3-3 and 3-4 show the variation of the loading 
capacitances and the length of the lines respectively. 
It can be concluded that when the center frequency is fixed, the resonators length of the comb-line filter can be 
shorten by increasing the loading capacitances. 
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3.3.2 Variation of The Spacing Between The Two Coupled Lines 

The change of the spacing between the two coupled lines will change the coupling. This coupling defines the 
bandwidth of the comb-line filter. When the spacing decreases, the magnetic coupling gets stronger and the 
bandwidth becomes wider, as shown in figure 3-5. 
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Figure 3-5 Variation of the spacing between the two lines. 

3.3.3 Variation of The Width of The Lines 

The change of the width of the lines will shift the center frequency and change the bandwidth. When the width 
of the transmission line decreases, the self-inductance of that transmission line increases and therefore the 
resonant frequency is shifted to the lower frequency (see also eq. 3.6). At the same time, when the width of the 
coupled lines decreases (the spacing is still the same) the magnetic coupling due to the mutual inductance 
between the two lines increases and therefore the bandwidth becomes wider. Figure 3-6 shows the variation of 
the lines width. 
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Figure 3-6 Variation of the width of the lines. 

3.3.4 Variation of The Tap Position 

The change of the tap position will change the input/output impedance. The tap is usually tuned for 50 n 
input/output impedance. When the input/output impedance is nearby 50 n, the reflection and therefore also the 
loss in the pass band will be low and the selectivity will be also low, as shown in figure 3-7. When the 
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input/output impedance is much larger or smaller than 50 n, the reflection and the loss in the pass band will be 
higher and the selectivity will be also higher. 
The tap is used to match the input/output impedance. 
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Figure 3-7 Variation of the tap position. 
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From the discussion above, the effects of various variations are known and the filter in figure 3-3 can be tuned 
to get the best trade-off between the insertion loss in the pass band and the blocking performance as shown in 
figure 3-8. However, figure 3-8 shows that using this filter structure, it is impossible to get both a low loss and 
an adequate attenuation (see also table 1-4 in section 1.7). Therefore this type of filter needs an adjustment. The 
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Figure 3-8 Tuned second order tapped comb-line filter. 
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adjustment can be made in the form of a coupling capacitance between the coupled lines to generate an extra 
attenuation pole as mentioned in section 3.2. 

Figure 3-9 shows the second order tapped comb-line filter with a coupling capacitance. This configuration has 
slightly different properties than that in figure 3-8 because the configuration with a coupling capacitance as 
shown in figure 3-9 uses both inductive and capacitive coupling while the other only uses inductive coupling. 
When the filter uses both inductive and capacitive coupling, there are two possible situations, either the 
inductive coupling is dominant or the capacitive coupling is dominant. When the inductive coupling is 
dominant, it has the same response to the spacing variation discussed in section 3.3.2 (or other variations that 
affects the inductive coupling such as the width variation discussed in section 3.3.3). With other words, when 
the inductive coupling increases (or when the capacitive coupling decreases) the bandwidth becomes wider. For 
the selectivity, a higher attenuation at high frequencies can be obtained when inductive coupling is dominant. 
However, a higher attenuation at high frequencies causes a lower attenuation at low frequencies. 
When the capacitive coupling is dominant, it has the opposite respond to the spacing variation discussed in 
section 3.3.2). With other words, when the capacitive coupling increases (or when the inductive coupling 
decreases) the bandwidth becomes wider. For the selectivity, a higher attenuation at low frequencies can be 
obtained when capacitive coupling is dominant. However, a higher attenuation at low frequencies causes a 
lower attenuation at high frequencies, as shown in figure 3-9. 

Compared to the configuration in figure 3-8, this configuration has a lower loss in the pass band and a higher 
blocking at 2.5 GHz. However, this configuration uses small values of the loading capacitances and the coupling 
capacitance with a consequence that it is sensitive to the tolerance of the SMDs. To solve this problem, there are 
two possibilities: either using another configuration or integrating the capacitances instead of using SMDs. 

Another configuration can be used by replacing the delta network of the three capacitances by the equivalent 
star or Y network as shown in figure 3-10. 
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Figure 3-9 Second order tapped comb-line filter with a coupling capacitance. 

When the admittances Yr. Y2, and Y3 of the delta network are known, then the admittances Ya, Yb, and Yc of the 
star or Y network are given by: 

Figure 3-10 Delta connection (left) and star or Y connection (right). 

Figure 3-11 shows the comb-line filter using a star network for the loading and coupling capacitances. Due to 
the delta-star transformation, the coupling capacitance CC in figure 3-9 becomes the shunt capacitance CC in 
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figure 3-11. Therefore the configuration in figure 3-11 has the opposite respond to the variation of the 
capacitance CC from the configuration in figure 3-9. 

Using this configuration, it is possible and also easier to integrate the capacitances. The advantages of integrated 
capacitances compared to SMDs are that the tolerance of integrated capacitances in this case is lower than that 
of SMDs and the filter will be also cheaper without SMDs. 
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Figure 3-11 Second order tapped comb-line filter using a star or Y network for the loading and coupling capacitances. 

3.4 Momentum Model 

The next step is to draw the filter with integrated capacitances in momentum simulator using metal layer 2 and 6 
as the ideal ground for simplicity. The vias for the grounding are also drawn to take the self- and mutual 
inductances of the vias into account in the simulation. Due to the inductances of the vias, the filter becomes 
electrically longer. Therefore the smaller loading and coupling capacitances are used to get the desired center 
frequency and to make the filter more compact because the capacitances take a lot of space due to the low 
dielectric constant of LAMP2. The equation to calculate the area needed for a capacitance: 
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where: 
A is the area [m2

]. 

Cis the capacitance [F]. 
d is the distance between two metal plates [ m]. 
Eo is the permittivity of vacuum(~ 8.85 x 10"12 F/m). 
Er is the dielectric constant. 

Figure 3-12 shows the layout of the filter with integrated capacitances in the momentum simulator and the 
substrate definition. For the vias, rectangular vias are used instead of circular vias in the momentum simulation 
to make the calculation faster. The momentum simulation result ofthe filter in figure 3-12 is shown in figure 3-
13. The momentum simulation gives a similar result as the schematic simulation. 

S811ct a IUbstratelayer to adlt OR dllflne a new layer: 
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Pnlpnlg 
CllraZ 
88112 
11111111 GND 11111111 

Figure 3-12 Layout of the tapped comb-line filter with integrated capacitances in the momentum simulator and the 
substrate definition with metal layer 2 and 6 as the ideal ground. 

The integrated capacitances are implemented as drawn in figure 3-14. Each capacitance is made twice, above 
and below metal layer 4, to make the area occupied by each capacitance smaller. The capacitances C are formed 
by Prepreg sandwiched between metal layer 3 and 4, and by Core2 sandwiched between metal layer 4 and 5. 
The capacitance CC is formed by Corel sandwiched between metal layer 2 and 3, and by SBU2 sandwiched 
between metal layer 5 and 6. 

Once the filter is made, the next step that has to be done is to investigate the sensitivity of the filter to various 
variations. Because the filter has a wide bandwidth and the dimensions of the filter are quite large, it should not 
be susceptible to process variations. The process variations of LAMP2 given by Unirnicron that have influence 
on the filter are depicted in table 3-1. 

The following variations are investigated: the combination of linewidth and spacing, Er of the dielectric layers, 
and the thickness of the dielectric layers. 
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Figure 3-13 Momentum simulation result of the filter in figure 3-12. 

Figure 3-14 Implementation of the integrated capacitances. 
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Nominal value 
Thickness Core 1 100 ).1.111 

Thickness Prepreg (Core to Core) 129 J.llll 
Thickness Core2 100 J.llll 
Thickness SBU2 78 J.llll 
Er Core layer 3.9 

Er Prepreg layer 3.9 

Er SBU layer 3.4 
Width metal layer NA 
* Esttmated tolerance m production based on a fixed destgn. 

Table 3-1 Process variations. 

Tolerance 
± 13 J.llll 
+8/-15% 

± 13 J.llll 
± 15 J.lm 
± 0.1 * 
± 0.1 * 
± 0.1 * 
± 15 J.lm 

When the linewidth of the coupled lines becomes larger, the spacing between them becomes smaller. The 
combination of these effects is investigated. 
Tolerance of the metal thickness is not investigated because it would not have significant effect on the filter 
performance due to the skin effect, and also because this thickness is not correctly simulated in Momentum. 
Momentum simulates metal layers as infinite thin layers. In the substrate definition the thickness is given but 
this is only used, together with the conductivity, to calculate the ohmic loss of the metal layers. For structures 
with thick lines very close to each other, Momentum has difficulties to calculate the coupling correctly. This 
would not be a problem because for the filter structure in figure 3-12, the spacing between the two lines is quite 
large. 
When varying the thickness ofthe dielectric layers, the height of the interconnects (such as vias) will also vary. 
The latter effect is not taken into account during the sensitivity analysis of the dielectric layers thickness. 
The filter is closed between the two ground layers. Therefore the solder resist layers and SBU1layer are also not 
taken into account during this analysis because these layers will not affect the performance of the filter. 
The sensitivity to the length variations of the lines are not investigated because the tolerance of the metal layer 
dimensions is only about 15 ).1.111. This is negligible compared to the total length of about 5000 ).1.111. 

In figure 3-15, the sensitivity of the filter to the combination of the linewidth and spacing variations is depicted. 
As the width of the lines increase, the spacing decrease with the same amount. S(2, 1) curve represents the 
nominal value ofthe linewidth and spacing. S(4,3) curve represents a decrease in linewidth of 15 ).1.111 and an 
increase in spacing of the same amount. S(6,5) curve represents an increase in linewidth of 15 ).1.111 and a 
decrease in spacing ofthe same amount. As shown in figure 3-15, the filter is not sensitive to those variations 
due to its size. 

2 3 4 5 6 7 8 9 10 
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Figure 3-15 Sensitivity of the filter on the combination oflinewidth and spacing variations. 
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Figure 3-16 Sensitivity of the filter on the thickness variations of the dielectric layers. 

Figure 3-16 shows the sensitivity of the filter to the thickness variations of the dielectric layers. Only the worst 
cases of the dielectric layers thickness variations are analysed: the maximum decrease and increase of the 
thickness of all dielectric layers. S(2, 1) curve represents the nominal value of the dielectric layers thickness. 
S(4,3) curve represents the maximum decrease in thickness of all dielectric layers. S(6,5) curve represents the 
maximum increase in thickness of all dielectric layers. As shown in figure 3-16, there are slightly variations in 
blocking performance due to these thickness variations. However, these blocking performance variations are 
still acceptable for this design. 
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Figure 3-17 Sensitivity of the filter on the dielectric constant variations of the dielectric layers. 

Figure 3-17 shows the sensitivity of the filter to the dielectric constant variations of the dielectric layers. Only 
the worst cases of the dielectric constant variations are analysed: the maximum decrease and increase of the 
dielectric constant of all dielectric layers. S(2, 1) curve represents the nominal value of the dielectric constant. 
S(4,3) curve represents the maximum decrease in the dielectric constant value of all dielectric layers. S(6,5) 
curve represents the maximum increase in the dielectric constant value of all dielectric layers. As shown in 
figure 3-17, the filter is also not sensitive to these dielectric constant variations. 
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Three types of process variations are investigated. From this, it can be concluded that the tolerances given in the 
LAMP2 substrate design rules have almost no effect on the filter performance. The tolerance of the linewidth, 
spacing, and dielectric constant is negligible. The tolerance of the dielectric layers thickness is also acceptable. 

Once the filter performance and the sensitivity of the filter to various tolerances are investigated, the next thing 
that has to be done is to make a few filter designs with the same structure but different dimensions, to draw and 
simulate the total filter structure (including non ideal ground and vias interconnects), and finally to export the 
designs into DXF files for the manufacture. For the simulations of the total structure, rectangle vias are still used 
to make the simulation time not too long. 

In this section, only the filter designs with a length of 5000 ~ and a spacing of 500 ~ are shown. All filter 
designs with their performance (from the simulations and measurements) can be found in appendix D. The 
simulation setup of the total filter structure is given in figure 3-18. Ports 1 and 2 in figure 3-18 are used for the 
signal. Ports 3, 4, 5, and 6 in are used for the ground of the filter. For the measurements, the signal and the 
ground are injected using ground-signal-ground probes with 500 J.lm pitch. Figure 3-19 shows the total structure 
of two filter designs within one laminate sample. The performance of those filters is shown in figure 3-20. The 
DXF mask layout of the two filters is presented in figure 3-21. 
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Start=1 GHz 
Stop=10 GHz 
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Figure 3-18 Simulation setup. 
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Figure 3-19 Total structure of two filter designs within one laminate sample. 
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Figure 3-20 The simulation results of"BPF NOM L5000 S500" (left) and "BPF CAP L5000 S500" (right). 
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Figure 3-21 DXF mask layout of the two filter designs within one laminate sample. 

3.5 Conclusions 

The filter design is based on the tapped comb-line filter design which is discussed by Cristal [12] and Caspi 
[13]. To meet the filter specifications, the original filter design needs an adjustment. The adjustment is made in 
the form of a coupling capacitance between the coupled lines to generate an extra attenuation pole at low 
frequencies. However, a higher attenuation at low frequencies causes a lower attenuation at high frequencies. 
Furthermore, to make the implementation of the integrated capacitances easier, another configuration is used by 
replacing the delta network of the three capacitances (two loading capacitances and one coupling capacitance) 
by the equivalent star or Y network. 
In a filter design, the sensitivity of the filter to variations is very important. Therefore the sensitivity of the filter 
to various process variations is investigated. Because the filter has a wide bandwidth and the dimensions of the 
filter are quite large, it should not be susceptible to process variations. From the investigation, the tolerances 
given in the LAMP2 substrate design rules have almost no effect on the filter performance. The tolerance of the 
linewidth, spacing, and dielectric constant is negligible. The tolerance of the dielectric layers thickness is also 
acceptable. 
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Chapter4 

Filter Measurements 

4.1 Introduction 

In this chapter, the comparison between the measurement- and the simulation results will be presented. Section 
4.2 discusses the similarities and the differences between the measurements- and the simulations result. The 
factors that cause these differences will also be investigated in this section. Finally, the conclusions are given in 
section 4.3. 

4.2 Comparison Between The Measurement- and The Simulation Results 

In this section, only the comparison between the measurement- and the simulation results of the filter "BPF 
NOM L5000 S500" will be discussed. The measurement- and the simulation results of the other filters are given 
in appendix D.2. 
Figure 4-1 shows that the measurement results are well matched to the simulation results or the expectation. The 
measured transfer- and the reflection bandwidths are a bit wider than the expectations. The measured transfer
and the reflection centre frequencies are slightly shifted to the lower frequency. However, figure 4-1 shows that 
the filter characteristics still meet the specifications. 
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Figure 4-1 Comparison between the measurement (S(3,3) and S(4,3); red lines)- and the expectation or simulation result 
(S(l,l) and S(2,1); blue lines). 

There are two factors that could be responsible for these deviations: the process tolerances and the accuracy of 
the simulations. 
To be able to see if there are process variations caused by the manufacturing, crosscuts of one of the laminate 
samples are made. However, dielectric constant variations can still not be measured. The cross sections of the 
filter "BPF NOM L5000 S500" can be seen in figure 4-2. 
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' _ ---~ Crosscut 

_ --~ Crosscut 

:r SBU I -c 
:r Core 1 -c 
:r Prepreg -c 
:r Core 2 -c 
:r SBU 2 -c 

Figure 4-2 Cross section of the filter "BPF NOM L5000 S500" to measure the actual thickness of the dielectric layers 
(left), the actual width and the actual spacing between the lines (right). 

Table 4-1 shows the comparison between the dielectric layer thickness (Cu to Cu) from the LAMP2 design rules 
and the average of the actual dielectric layer thickness. Note that only the thickness of the dielectric layers that 
determine the integrated capacitances is measured. The width and the spacing variations are also measured but 
as what has been expected, they are negligible compared to the dimensions of the filters (smaller than 2 %). 

Figure 4-3 shows the measurement results (S(3,3) and S(4,3); red lines) and the simulation results using the 
dielectric layer thickness from the LAMP2 design rules (S(5,5) and S(6,5); black lines) and from the average of 
the actual dielectric layer thickness (S(1,1) and S(2,1); blue lines). The figure shows that there is only a slight 
difference between them. Since the actual dielectric constant in this case can not be measured, the simulations 
using the actual dielectric layer thickness and the maximum dielectric constant variations (see also table 3-1) 
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Dielectric layer Thickness from the Average actual 
LAMP2 design rules [J..llll] thickness [J..llll] 

Core 1 100 99 
Prep reg 97 111 
Core2 100 102 
SBU2 54 70 

Table 4-1 Comparison between the dielectric layer thickness (Cu to Cu) from the LAMP2 design rules and the average 
actual dielectric layer thickness. 

2 3 4 5 6 7 8 

freq, GHz 

Figure 4-3 Comparison between the measurement results (S(3,3) and S(4,3); red lines), the simulation results using the 
dielectric layer thickness from the LAMP2 design rules (S(5,5) and S(6,5); black lines) and from the average of the actual 
dielectric layer thickness (S(l ,l) and S(2,1); blue lines). 
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Figure 4-4 Comparison between the measurement results (S(l,l) and S(2,1); red lines), the simulation results using the 
actual dielectric layer thickness (S(3,3) and S(4,3); blue lines), actual dielectric layer thickness with- 0.1 dielectric constant 
variation (S(5,5) and S(6,5); green lines) and actual dielectric layer thickness with+ 0.1 dielectric constant variation (S(7,7) 
and S(8,7); black lines). 
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have been done as shown in figure 4-4. Figure 4-4 shows that the simulation results are still not exactly matched 
to the measurement results. 
Therefore, it can be concluded that the small differences between the measurement and the simulation results 
are mainly caused by the inaccuracy of the simulations. 

For the simulations, the momentum RF simulation is used because this simulation is much faster than the 
momentum simulation. However, this momentum RF simulation is of course less accurate than the momentum 
simulation. In the simulations, square vias are used because square vias are also simulated much faster than 
circular vias and furthermore, the solder resist top and bottom layers are not taken into account. Very accurate 
simulations are difficult to achieve because such simulations take too much time (much more than 7 hours). The 
inaccuracy of the simulations is also partly caused by the fact that Momentum and Momentum RF have 
difficulties to calculate the coupling between the two lines correctly because Momentum and Momentum RF 
simulate metal layers as infinite thin layers. 

4.3 Conclusions 

The measurement results are a slightly different from the expectation. For the filter "BPF NOM L5000 S500", 
the passband of the measurement is about 200 MHz wider to the lower frequencies than that of the simulation. 
The loss in the passband ofthe measurement is about 0.2 dB lower than that of the simulation. The attenuation 
at 2.5 GHz of the measurement is about 1.25 dB lower than that of the simulation. The reflection in the 
passband of the measurement is much higher than that of the simulation, but it is still lower than -10 dB. There 
are two factors that could be responsible for these deviations between the measurement results and the 
expectation: the process tolerances and the accuracy of the simulations. It has been shown that even when using 
the average of the actual dielectric layer thickness (with and without the maximum dielectric constant 
variations), there are still small deviations between the measurement and the simulation results. The width, 
length and the spacing variations are negligible compared to the dimensions of the filters (smaller than 2 %). 
Therefore it can be concluded that the small deviations between the measurement and the simulation results are 
mainly caused by the inaccuracy of the simulations. However, although there are slight deviations between the 
measurement and the simulation results, the simulations are still accurate enough to closely predict the actual 
filter characteristics and besides very accurate simulations take too much time (much more than 7 hours). The 
inaccuracy of the simulations is also partly caused by the fact that Momentum and Momentum RF have 
difficulties to calculate the coupling between the two lines correctly because Momentum and Momentum RF 
simulate metal layers as infinite thin layers. 
The measurement results in appendix D.2 show that the filter "BPF NOM L5000 S500" has the best trade-off 
between the attenuation in the stopband, insertion loss in the passband and the size of the filter. 
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ChapterS 

Technology Comparison 

5.1 Introduction 

In this chapter, the comparison between the filters made on LAMP2, LTCC GL660, LTCC GL330, and PASS! 
is discussed in terms of the dimensions and the performance of the filters. All the filters are designed with the 
same concept to get a fair comparison. In section 5.2, the small version of the filter designed on LAMP2 will be 
presented. In section 5.3, the same filter structure designed on LTCC, both GL660 and GL330, will be 
discussed. The filter design on PASS!, as presented in section 5.4, is slightly different. On PASS!, it is not 
possible to make a filter using a strip line structure. Therefore, the filter in PASS! is designed using a 
microstripline .structure. However, the loading and the coupling capacitances are implemented using the same 
concept. Finally, the conclusions are given in chapter 5.5. 

5.2 LAMP2 

The nominal filter designed on LAMP2 as discussed in chapter 3 can be made smaller by adjusting the line 
width and the capacitances to get about the same performance. The small version of the filter designed 
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Figure 5-1 Small version of the filter designed on LAMP2 and its performance. 

47 



on LAMP2 and its performance are shown in figure 5-1. 
The dimensions of the filter are 2.96 x 4.00 mm. The insertion loss in the passband is about 1.5 dB. It has a high 
attenuation at low frequencies but a low attenuation at high frequencies. 

5.3 LTCC 

In this section, two types ofLTCC will be discussed: GL660 and GL330. GL330 is the new type ofLTCC and it 
has a slightly different layer stack from GL660. 

GL660 has 5 dielectric layers and 6 metal layers. The filter on GL660 uses a stripline structure with metal layer 
4 as the signal, and metal layer 2 and 6 as the ground. The layer stack of GL660 and the strip line structure are 
depicted in figure 5-2. 
The capacitances C are formed by dielectric layers 3 and 4 and the capacitances CC are formed by dielectric 
layers 2 and 5. The filter on GL660 has the exact same structure as the filter on LAMP2. Figure 5-3 shows the 
filter designed on LTCC GL660 and its performance. 
The dimensions of the filter are 2.70 x 2.93 mm. The insertion loss in the passband is about 0.8 dB, less than 
that of the filter on LAMP2 because LTCC (both GL660 and GL330) has much lower dielectric loss than 
LAMP2. The attenuation at low and high frequencies is about the same as that of the filter on LAMP2. 

GL330 stack proposed by Marion Matters from Philips Research Aachen, Germany, has 7 dielectric layers and 8 
metal layers. The filter on GL330 uses also stripline structure with metal layer 6 as the signal, and metal layer 2 
and 8 as the ground. The layer stack of GL330 and the strip line structure are depicted in figure 5-4. 
With this GL330 stack, two filters are made using different implementation of the integrated capacitances. The 
first filter, as shown in figure 5-5, uses the second and third dielectric layers with h=25 J.Uil and k=7.7 for the 
integrated capacitances. In this case, the filter concept as in figure 3-11 is used. 
The dimensions of the first filter are 2.20 x 2.19 mm, smaller than the filter on GL660 due to the thin dielectric 
layers for the integrated capacitances. The insertion loss in the passband is also about 0.8 dB because the 
dielectric loss of GL330 is about the same as that of GL660. The attenuation at low and high frequencies is 
about the same as that of the filter on GL660. 

GL660 layer stack 

Number of dielectric layers: 5 

Number of metal layers: 6 

Height: 550 )Jm 

- This layer is used for ground 

Figure 5-2 Layer stack ofLTCC GL660. 
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Figure 5-3 Filter design on LTCC GL660 and its performance. 

The second filter, as shown in figure 5-6, uses the fifth dielectric layer with h=25 J.Ull and k=17.5 for the 
integrated capacitances. In this case, the filter concept as in figure 3-9 is used. 
The dimensions of the second filter are 2.30 x 2.18 mm, about the same as the first filter. The insertion loss in 
the passband is a little bit higher than that of the first filter because the dielectric loss of the fifth layer is slightly 
higher than the second and third layers. The attenuation at low and high frequencies is about the same as that of 
the first filter. 

Stack: Embedded C+ 

Number of dielectric layers: 7 

Number of metal layers: 8 

Total thickness: 5251-Jm 

•••• : k=7.7, tand=O.OS% 
?hlh<3%. for 25j.Jm-layers ••••= k=17.5, tand=0.17% 
?h/h<3%, for 251Jm-layers 

Figure 5-4 Layer stack ofLTCC GL330 with embedded C+ and the stripline structure. 
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Figure 5-5 Filter design on LTCC GL330 using the second and third dielectric layers with h=25 1-1m and k=7.7 for the 
integrated capacitances and its performance. 
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Figure 5-6 Filter design on LTCC GL330 using the fifth dielectric layer with h=25 1-1m and k=l7.5 for the integrated 
capacitances and its performance. 
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5.4 PASSI 

On PASS!, it is not possible to use a stripline structure, therefore a microstripline structure is used. The 
advantage of PASS! is that it has an extremely thin SiNx layer with a quite high dielectric constant (see also 
section 2.3) to integrate capacitances within a very small area. Figure 5-7 shows the filter designed on PASSI 
and P ASSI substrate configuration. The disadvantage of this technology is that there are high parasitic effects 
from interconnects. Interconnects can be made using either ball grid array (BGA) [14] or bondwires. In this 
section only bondwires interconnects are considered. The bondwires in the simulation use BONDWJRE2 
(Philips/TU Delft bondwires) model [15]. The simulation setup of the PASS! filter and the filter performance 
are depicted in figure 5-8. 
The dimensions of the filter are 1.63 x 2.16 mm. The filter on PASSI is even smaller than the filters on LTCC 
GL330. The insertion loss in the passband is about 1.3 dB, higher than that of the filters on LTCC but still lower 
than that of the filter on LAMP2. The attenuation at low frequencies is about the same as that of the filters on 
LTCC and LAMP2. However, the filter also has an attenuation pole in the upper stopband due to the self 
inductance effect of the bondwires between the capacitance CC and the ground, as shown in figure 5-9. The 
inductance of the bondwires and the capacitance CC resonate at a particular frequency. When they resonate, 
they short-circuit the signal to the ground and make an attenuation pole at that particular frequency. In this filter 
design, they resonate at a frequency of about 8.5 GHz. 

Figure 5-7 Filter design on PASSI and P ASSI substrate configuration. 
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Figure 5-8 Simulation setup of the P ASSI filter and the filter performance. 

Figure 5-9 Inductances representation of the bondwires. 

52 

-20 

-40 

/ 
~ -I · 

17 
-60 

-80 

" ' v 
I 
I 
3 

m1m2 , ... 

)\! ~ A/ 
:v '\ / 

1\/i 
I 

i 
' 
I I 

4 5 9 10 

freq , GHz 



5.5 Conclusions 

The comparison between the filters made on LAMP2, LTCC GL660, LTCC GL330, and PASS! is made in 
terms of the dimensions and the performance of the filters . All the filters are designed with the same concept to 
get a fair comparison. 
From the comparison, the filter on LAMP2 has the largest dimensions and the highest insertion loss compared to 
the filters on LTCC and PASS!. The attenuation of the LAMP2 filter is about the same as that of the L TCC and 
PASS! (at low frequencies) filters. Although the LAMP2 filter has the largest dimensions and the highest 
insertion loss compared to the LTCC and PASS! filters, its dimensions and insertion loss still satisfy the 
specifications and LAMP2 is a cheap platform. 
The LTCC GL660 and GL330 filters have larger dimensions compared to the PASS! filter. However, their 
insertion loss is lower than that of the PASS! filter. The LTCC GL330 filter is smaller than the GL660 filter 
because GL330 stack has thin dielectric layers and a high dielectric constant layer for the integrated 
capacitances. The insertion loss of the GL330 filter using the thin dielectric layers is about the same as that of 
the GL660 filter. The insertion loss of the GL330 filter using the high k layer is a little bit higher because the 
dielectric loss of the high k layer is slightly higher than the other layers in the stack. 
The PASS! filter has the smallest dimensions compared to the L TCC and LAMP2 filters. The attenuation of the 
PASS! filter at low frequencies is about the same as that of the LTCC and LAMP2 filters. However, the filter 
also has an attenuation pole in the upper stopband due to the self inductance effect of the bondwires between the 
capacitance CC and the ground. The disadvantage of this platform is that there are high parasitic effects from 
interconnects such as bondwires or BGA. 
The comparison between the platforms is summarized in table 5-1. 

Platform Insertion loss [dB] Dimensions [ mm] Area [mm2
] 

LAMP2 I With a length of 5 mm 1.3 2.70 X 5.00 13.50 
I With a length of 4 mm 1.5 2.96 X 4.00 11.84 

LTCC GL660 0.8 2.70 X 2.93 7.91 
GL330 Using the 2n11 and 3r11 layers 0.8 2.20 X 2.19 4.82 

for the capacitances 
Using the 5m layer for the 1.0 2.30 X 2.18 5.01 
capacitances 

PASS! 1.3 1.63 X 2.16 3.52 

Table 5-1 Comparison between the platforms. 
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Chapter 6 

Conclusions and Recommendations 

In this thesis report, a cheap and compact solution for integrated antenna bandpass filter have been shown for 
the IEEE standard 5 GHz WLAN. This thesis begins with the 5 GHz WLAN system study. In this system study, 
it is also discussed how to calculate the antenna bandpass filter specifications using linear and nonlinear analysis 
of the radio receiver chain. 
Once the antenna filter specifications have been calculated, the investigation into antenna filter design can be 
started. In this investigation, the filter concept and technology choice have first been made based on a few 
criteria such as filter performance, size, production cost and through-put time. The comb-line filter concept is 
chosen because it gives a good compromise between the size and the performance of the filter. LAMP2 platform 
is chosen mainly because of its high quality, low production costs, and fast through-put time. Furthermore, the 
Bluetooth module also uses this platform. Therefore by using this platform for the 5 GHz WLAN, the Bluetooth 
technology can be reused with some adjustments. 
After the filter concept and technology choice have been made, the filters are designed, simulated, manufactured 
and measured. From the design point of view, it has been shown that the standard comb-line filter does not meet 
the antenna filter specifications at low frequencies and therefore an extra capacitance is needed to generate an 
attenuation pole at low frequencies. It has been shown that the measurement results are well matched to the 
simulation results or the expectation. It has also been proven that the small deviations between the measurement 
and the simulation results are mainly caused by the inaccuracy of the simulations. However, although the 
measurement results deviate slightly from the expectation, they all still meet the antenna filter specifications. 
Therefore, it can be concluded that the simulations are still accurate enough to closely predict the actual filter 
characteristics and besides very accurate simulations take too much time (much more than 7 hours). The 
inaccuracy of the simulations is also partly caused by the fact that Momentum and Momentum RF have 
difficulties to calculate the coupling between the two lines correctly because Momentum and Momentum RF 
simulate metal layers as infinite thin layers. The measurement results in appendix D.2 show that the filter "BPF 
NOM L5000 S500" has the best trade-off between the attenuation in the stopband, insertion loss in the passband 
and the size of the filter. Table 6-1 shows the specified and measured performance aspects of the antenna BPF 
"BPF NOM L5000 S500". 

Parameter Specified Measured 

Frequency band 5.15- 5.825 GHz 4.95- 5.825 GHz 
Center Frequency 5.4875 GHz 5.3875 GHz 
Insertion Loss 2dB 1dB 
Attenuation at 2.5 GHz 36dB 38 dB 
Attenuation at 2.1 GHz 49dB 46dB 
Attenuation at 2.0 GHz 49dB 47 dB 
Attenuation at 1.0 GHz 50 dB 80dB 
Input Impedance 500 500 
Output Impedance 500 500 
Dimensions As small as possible 2.70 mm x 5.00 mm 

Table 6-1 Specified and measured performance aspects of the antenna BPF "BPF NOM L5000 S500". 
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Furthermore, the comparison between the technologies such as LAMP2, L TCC, and PASS! in terms of the filter 
performance (from the simulations) and the size has also been given. It shows that integrated comb-line filters in 
LAMP2 have a good trade-off between filter performance, size and production cost. 

For future work in LAMP2 integrated antenna filter design, it is suggested to try higher order filters to improve 
the attenuation at high frequencies if necessary. However, a good trade-off between the high attenuation, 
insertion loss and the size of the filter should still be considered. 
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Appendix A 

A.l Thermal Noise 

A body at absolute temperature T (in degrees Kelvin) will emit electromagnetic waves at a power level that is 
for practical matters constant over all radio frequencies, namely at kT Watts/Hz where k is Boltzmann's constant 
k = 1.38 X 10 "23 J/K. 

Applying wideband noise power P atkT Watts per Hz to an ideal amplifier of gain G: 

Figure A.l-1 An ideal noiseless amplifier. 

The above diagram illustrates that when a 1 Hz wide input signal of power P = kT is applied to the amplifier a 1 
Hz wide output power of Po = GkT will be obtained. 

But a realworld amplifier has internal sources of noise generation, thus the actual situation is that the output 
power is increased by the internal noise: 

T GT+GTn 

G 

Figure A.l-2 An amplifier with noise temperature Tn. 

Tn is called the noise temperature of the amplifier. 
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In cascade: Assuming two cascaded real-world amplifiers of gain G 1, G2 and noise temperatures T1 and T2: 

T 

Figure A.l-3 Two cascaded amplifiers. 

The power at the output of the first amplifier G 1 (Tl + T) is added to the noise power of the second, and then 
amplified. Therefore, the output of the second amplifier is: 

G2(T2 + G1(Tl+T)) = G2G1(Tl + T2/G1 + T). (A.l.1) 

A.2 Noise Factor and Noise Figure 

The noise factor F is the ratio of actual output noise over ideal output noise power: 

Assuming that the amplifier is seeing room temperature T = 290 K noise power as input (see Figure 2), then the 
noise factor of the amplifier will be: 

F = G(Tn + T)/GT = (Tn + 290)/290 = Tn/290 + 1, (A.2.1) 

i.e., 

Tn = 290(F- 1). (A.2.2) 

The noise figure fis the equivalent in dB: 

f= 10 log F. (A.2.3) 
In the case of 2 cascaded amplifiers, the total noise factor is: 
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The noise factor for each amplifier is: 

thus: 

T; F:.=l+-
To 

From (A.2.4), (A.2.6), and (A.2. 7), the following equation for Fro1 is obtained: 

F =F. (F2 -1) 
tot I+ G 

I 

The general equation for Fro1 is: 

A.3 Linear Analysis Calculations of The Receiver Chain 

(A.2.4) 

(A.2.5) 

(A.2.6) 

(A.2.7) 

(A.2.8) 

(A.2.9) 

The signal level, noise level, signal to noise ratio, gain, and noise figure at each point of the receiver chain 
(figure 1-8 in chapter 1.4) are calculated in this section. For the generality, the calculations will be given in 
terms of the block parameters. The equations for the noise figure calculations are given in appendix A.2. 

1. Point 1 in the block diagram: 
s1 
N1 = 10 X log(kToBant) 
SI/NI = sl- 10 X log(kToBant) 
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2. Point 2 in the block diagram: 
02 = -ILFE dB 
NF2 =ILFE dB 

s2 = s1 + o2 = s1 - ILFE 
N2 = 10 X log(kBFE [(To+ T1)ILFE-1]) = 10 X log(kBFE [(To+ To(FFE- 1))1LFE-1]) 

= 10 X log(kBFE ToFFEILFE-1) = 10 X log(k BFE To) 
S2/N2 = s1 - ILFE - 10 X log(k BFE To) 

= 10 x log(S1/N1) +[improvement by BFE ( 10log(BaniBFE) )] - NF2 

3. Point 3 in the block diagram: 
03 = 02 + OLNA = -ILFE + OLNA 
NF3 = 10 x log(F2 + (FLNA- 1)/02) = 10 x log(ILFE + (FLNA- 1)ILFE) = 10 x log(FLNAILFE) 

= ILFE + NF LNA 

s3 = s1 + 03= s1- ILFE + oLNA 
N3 = 10 X log(kBFdOLNA((To + T1)ILFE-I + T2)]) 

= 10 X log(kBFdOLNA((To + To(FFE -1))1LFE-1 + To(FLNA- 1))]) 
= 10 X log(kBFE [OLNAToFLNA]) 

S3/N3 = sl- ILFE + OLNA- 10 X log(kBFE [OLNAToFLNAD 
= 10 x log(S1/N1) +[improvement by BFE ( 10log(BaniBFE) )] - NF3. 

4. Point 4 in the block diagram: 

V
2

sig,eff V
2

sig,peak-peak -3 · 
S4 = R = SR =2,08x10 mW = -26,8 dBm (Vsig,peak-peak and R values at pomt 4 are 

typical values for CMOS baseband). 

Omix+BE = s4 - s3 = - 26,8 - (S1 -ILFE + OLNA) 
04 = 03 + Omix+BE = -ILFE + OLNA - 26,8 - (S1 -ILFE + OLNA) = - 26,8 - s1 
NF4 = 10 X log(F3 + (Fmix+BE -1)/03) = 10 X log(FLNAILFE + (Fmix+BE- 1)1LFE/OLNA) 

= 10 X log(ILFE [FLNA + (Fmix+BE- 1)/0LNA]) 
= ILFE + 10 X log([FLNA + (Fmix+BE- 1)/0LNA]) 

s4 = s1 + 04 = s1 - 26,8- s1 = -26,8 dBm. 
N4 = 10 X log(kBmix+BE [Omix+BE[OLNA((To + T1)ILFE-I + T2) + T3]]) 

= 10 X log(kBmix+BE [Omix+BE [OLNATofLNA + To(Fmix+BE- 1)]]) 
= 10 X log(kBmix+BE [Omix+BEOLNATo(FLNA + (Fmix+BE- 1)/0LNA)]) 
= 10 X log(kBmix+BETo) + Omix+BE +OLNA +10 X log([FLNA + (Fmix+BE -1)/0LNA]) 

s~4 = -26,8 -[10 X log(kBmix+BETo) + omix+BE +OLNA +10 X log([FLNA + (Fmix+BE- 1)/0LNA])] 
= S1/N1 +[improvement by BFE ( lOlog(BaniBFE) )] 

+[improvement by Bmix+BE ( lOlog(BFEIBmix+BE) )] - NF4. 

The insertion loss margin will now be calculated: 
(S~4)tota1 = S4/N4 -Implementation margins 
N4total = N4 + Implementation margins 

AN4,interferer ~ AN4,required- AN4,total 
Where AN is the Noise Amplitude 
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It is clear that in any case, AN4,required should be larger than AN4,totai: 
AN4,required > AN4,tota~ 

and the maximum insertion loss can be calculated from the above equation: 
AN4,required > AN4,total (see also equations A.4.3 and A.4.4 in appendix A.4) 

A.4 Nonlinear Analysis Calculations of The Receiver Chain 

The effect of interferers will be described and the antenna filter selectivity specification will be calculated in this 
section. Only the case of two interferers will be discussed, because it has a dominant influence on the signal to 
noise-and-interference ratio at the input of the demodulator. The method discussed in this section can also be 
applied for the case of one interferer (see appendix B.2). The difference is only in the equation for the 
intermodulation product ( eq. B.2.6). In the case of one interferer, its intermodulation product increases with the 
received signal. Fortunately, the increment of its intermodulation product is negligible and the total signal to 
noise-and-interference ratio still increases with the received signal. 
For the generality, the calculations will be given in terms of the block parameters. The equations for the IP3 
calculations are given in appendix B. 

1. Point 1 in the block diagram: 
ha,roa = Ia,roa - Ant. lso. 
ll,b,rob = lb,rob- Ant. Iso. 

2. Point 2 in the block diagram: 
lz,a,roa = Ia,roa- Ant. lso. - BPFroa 
lz,b,rob = Ib,rob- Ant. Iso. - BPFrob 

3. Point 3 in the block diagram: 
13,a,roa = GLNA + Ia,roa- Ant. Iso. - BPFroa 
13,b,rob = GLNA + Ib,rob- Ant. Iso.- BPFrob 

The component of the interferer that is translated to the frequency band of the signal (see appendix B): 

~,IM3,out = G LNA - 2PIP3,LNA + 3~nt,in 

~1M3 out= GLNA -2PIP3LNA +3(1a.., -Ant.Jso.-BPFOXl) 
' ' ' ' 

(A.4.1) 
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4. Point 4 in the block diagram: 
4,a,roa = Gmix+BE + GLNA + Ia,roa- Ant. lso. - BPFroa 
4,b,rob = Gmix+BE + GLNA + lb,rob- Ant. lso. - BPFrob 

The equation for the filter blocking calculation will now be derived: 
(SJN4)totai = S4/N4 -Implementation margins 
N4totai = N4 + Implementation margins 

AN4,interferer:::;; AN4,required- AN4,total 
Where AN is the Noise Amplitude. 

The only block parameter that depends on the received signal level is Gmix+BE· We can separate the 
dependence ofthe received signal level so that the rest ofthe parameters are constant and independent from 
the received signal level: 

-Gmix +BE +N4,required 

N4,interferer < Gmix +BE + 1 Olog( 10 10 -10 10 )dBm 

where: 

- Gmix+BE + N4,required = -JLFE + GLNA + kToBreceiver + NFradio+impl.margins 

and 

-Gmix+BE +N4,totol =-Gmix+BE +[kToBmix+BE +Gmix+BE +GLNA +10log(FLNA + (Fmix+BE -
1
))+1mp/.margins] 

GLNA 

- Gmix+BE + N4,total = k~Bmix+BE + GLNA + lOiog(FLNA + (Fmix+BE -l)) + lmpl.margins 

GLNA 

(A.4.2) 

(A.4.3) 

(A.4.4) 

The component of the interferers that is translated to the frequency band of the signal (see appendix B): 

p4,/M3,out = G mix+ BE - 2PIP3,mix+BE + 3Pint,in 

p4,/M3,out = Gmix+BE- 2PIP3,mix+BE + 3(GLNA + Ia,ma - Ant.Iso.- BPFma) (A.4.5) 

The total interferers components at a frequency of cos = (A3,IM3,out x Gmix+BE) + ~.IM3 ,otit 

~.IM3,out+Gmix+BE ~,IM3,out 

(A.4.6) ~1M3 out total = 1 0 log(l 0 
' ' ' 

10 + 10 10 ) 
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== 10log(10 

where 

A+31a,liXI-3BPFCtXl+Gmix+BE 

10 

lA = GLNA -2P1p3,LNA +3(-Ant.Iso.)l 

and 

IB = -2~P3,minBE +3(GLNA - Ant.Iso.)i 

+10 
G mix+ BE+ B + 31 a,liXI -3BPFCtXl 

10 ) 

Gmix+BE+31a,CtXl-3BPRw 

10 
Gmix+BE+31a,liXl-3BPFaxz 

~,IM3,out,total == 1 Olog~ 0 

== 101og(10 
Gmix+BE +31a ,liXI-3BPFCtXl 

10 

A B 

(1010 + 1010)) 

A B 

= G mix+BE + 3Ia ,OJa - 3BPF ma + 10 log( 10 10 + 10 10
) 

10 

= N4,interferer < Gmix+BE + 1 Olog(l 0 10 -10 10 )dBm 

A B - G mix+ BE + N 4 ,required 

3la,llXJ -3BPFOXl + 10log(1010 + 10 10
)::;; lOlog(lO 10 -10 

-Gmix+BE+N4,totol 
10 

Equation A.4.10 shows that BPFroa is independent from the received signal level. 

+ The IP3 of the mixer can be also calculated back to the input of the LNA: 

AIP3,mix+BE,inputLNA = AIP3,mix+BE - G LNA = 8 -15 = -7 dBm 

)dBm 

The total interferers' components at a frequency of cos at point 3 (see also appendix B)= 
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---c:-G_L_N._:4_A_!_t,.:....in..:...p_ut_LN._:4 __ =A + A4,IM3,out 
A2 3,1M3,out G 

IP3, LNA+mi:x+BE,inputLNA mix+BE 

__ G_L_N._:4_A_!_t,_in..:...p_ut_LN._:4 __ = G LNA A!t,inputLNA + G mix+ BE A!t,inputLNA GiNA 

AJP3,LNA+mix+BE,inputLNA AJP3,LNA A JP3, mix+BE G mix+ BE 

thus the total IP3 of the LNA and the mixer calculated back to the input of the LNA: 

1 

A JP3 ,LNA+mix+ BE ,inputLNA 

where IP3LNA = 0,8 m W (- -1 dBm) 
IP3mixer = 6,32 mW (- +8 dBm) 
GLNA = 31,6 X (-15 dB) 

So AIP3,totai,inputLNA = 0,19 mW and this corresponds to P,P3,totai,inputLNA = -7,1 dBm. 

This is only 0.1 dBm deterioration compared to the IP3 of the mixer at the input of the LNA. 

Therefore it can be concluded that the IP3 of the mixer is dominant for the total receiver. 

The total interferers components at a frequency of ros at point 4 = P3,tota~ IM3,out + Gmix+BE 

(A.4.11) 

The further calculations using P1p3,totai,inputLNA give the same results as the previous calculations using 
P,P3,LNA and P,P3,mix+BE separately. 

+ The IP3 of the LNA can be also calculated to the input of the mixer: 

The total interferers ' components at a frequency of ros at point 4 (see also appendix B)= 

G mix+BEA!t,input mix+BE A A G 
A 2 = 4,IM 3,out + 3,IM 3,out mix+ BE 

/P3,LNA +mix+BE,input_ mix+BE 

G mix+BEA!t,input mix+ BE 

A JP3,LNA+mix+ BE ,input_ mix+ BE 

thus: 

1 1 1 
1--:---------= + 2 2 

A JP3 ,LNA+mix+ BE ,input _ mix+BE A JP3,mix+ BE A IP3,LNA G LNA 

So AIP3,total,input_mix = 6.1 mW and this corresponds to PIP3,total,input_mix = 7.9 dBm. 
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This is only 0.1 dBm less than the IP3 of the mixer. 

The total interferers components at a frequency of cos at point 4 = P 4,total,IM3,out· 

The further calculations using P 1p3,total,input_mix give also the same results as the previous calculations 
using PIP3 ,LNA and PIP3,mix+BE separately. 
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Appendix B 

An antenna filter has to suppress out-of-band signals because the nonlinearity of elements such as an LNA and a 
mixer causes intermodulation. Therefore the components of two strong interferers can appear in the frequency 
band of the desired signal and corrupt the desired signal. A strong interferer at the frequency closest to that of 
the desired signal determines how sharp the filter should be. Intermodulation is a troublesome effect in RF 
systems. In this appendix, it will be divided in two categories: two interferers- and one interferer 
intermodulation 

B.l Two Interferers 

To study the effect of the intermodulation, it is assumed that there are two signals (known as a two-tone 
test) with the frequencies of ro 1 and ro2 at the input of the LNA: 

x(t) = AI cos( av) + A2 cos( m2t). (B.l.l) 

Because of the nonlinearity of the LNA, the output of the LNA becomes: 

y(t) = a 1x(t) + a 2x(t) 2 + a 3x(t)3. 

= a 1 [A1 cos(w1t) + A2 cos(w2t)] + a 2[A1 cos(w1t) + A2 cos(w2t)] 2 + a 3[A1 cos(w1t) + A2 cos(w2t)]3
• 

So the intermodulation product (thus without de terms and harmonics) is: 

m = m1 ±m2 : a 2A1A2 cos((m1 +m2 )t) +a2A1A2 cos((m1 -m2 )t) 

3a A 2 A 3a A 2 A 
=2m2 ± m1 : 

3 2 1 cos((2m2 + m1 )t) + 3 2 1 cos((2m2 - m1 )t) 4 4 

(B.1.2) 

(B.1.3) 

(B.1.4) 

(B.1.5) 

(B.1.6) 

In a typical two-tone test, A 1 = A2 = A, thus the fundamental components and the third order intermodulation 
(IM3) products: 

9 9 ~A3 ~A3 

y(t)=(~ +-~A2)Acos~t)+(~ +-~A2)Acostv2t)+--cos(~ -w2)t)+--cos(~2 -~)t)+··· (B.1.7) 
4 4 4 4 

So if the input A is small ( a 1 >> 2.a3A 2 
), the fundamental components are proportional to A and the IM3 

4 
products are proportional to A3

• The intersection of the fundamental-components- and 1M3-products lines 
defines the third-order intercept point. The horizontal coordinate of this point is called the input IP3 (IIP3), and 
the vertical coordinate is called the output IP3 (OIP3) (see figure B.l-1). 
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20log(f (A)) 

OIP3 

Figure B.l-2 Growth of output components in an intennodulation test. 

IP3, IP2 and the gain can be calculated in terms of a" a2, and a3: 

IIP3 20log(A) 

+ The input level for which the output components at ro1 and ro2 have the same amplitude as those at 2ro1 ± ro2 
and 2ro2 ± ro1 is given by: 

3 3 I a1 I AIP3 =-I a3 I A IP3 
4 

Thus, the input IP3 (IIP3) is: 

4la1 1 ---
31 a3 I' 

(B.1.8) 

+ For the case of IP2, the input level for which the output components at ro1 and ro2 have the same amplitude 
as those at 2ro1 ± ro2 and 2ro2 ± ro1 is given by: 

Thus, the input IP2 (IIP2) is: 

A =~ 
IP2 I a2 I' (B.1.9) 

and the output IP2 (OIP2) is equal to a 1 A1p 2 • 

+ It is clear that the gain G is equal to a 1. 

If the input level at each frequency is indicated by Amt,in, the amplitude of the output components at ro1 and ro2 
by Aw1,ro2,ouh and the amplitude of the IM3 products by A 1M3,out, then from (B.1.7) the following equation is 
obtained: 
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Awl,w2,out I a, I Aint,in _ __.:__.:..___ ~ 

A 3 3 
IM3,out -I a3 I A int,in 

4 

4la, I 1 
= 31 a3 I A 2

int,in ' 

which in conjunction with (B.1.8), reduces to: 

A w!,w2 ,out A
2

JP3 

AIM3,out 
2 • 

A int,in 

Neglecting desensitization and cross modulation, the following equation can be obtained: 

Asig,out 

Asig ,in 

Amt,out A 1M3 out A 
2 

IP3 
~--= ' 2 ' 

Aint,in Ami, in A int,in 

where Asig is the signal amplitude and Aint the interferer amplitude. 

(B.l.lO) 

(B.l.ll) 

(B.l.12) 

Desensitization is an effect where a large signal tends to reduce the average gain of the circuit and the weak 
signal may experience a vanishingly small gain. 
Cross modulation is the transfer of modulation on the amplitude of the interferer to the amplitude of the weak 
signal. 

So the proportion between the amplitude of the signal and that of the 1M3 product at the output ofthe LNA: 

A sig ,out A sig,in A
2

IP3 

AJM3,out A3int,in 
(B.l.13) 

Equation (B.l.13) can be written in terms of power levels: 

(B.l.14) 

with G (gain)= (~;g,out - ~ig,in ), the following equation can be obtained: 

~M3,out = G- 2PIP3 + 3~nt,in · (B.l.15) 

It can be checked if (B .1.15) is correct: 

When Pint,in = P 1p 3 , Pint,out (the output of the interferers at frequencies of ro 1 and ro2, so called the fundamental 

components) must be equal to P1M3,out (the output of the interferers at frequencies of 2ro 1 - ro2 and 2ro2 - ro" so 
called the third order intermodulation products): 

pint,out = G + pint,in = G + p/P3 

p/M3,out = G- 2PIP3 + 3Pint,in = G + p/P3 

So it is indeed correct! 
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B.2 One Interferer 

Assuming there is only one interferer with the frequencies of ro 1 at the input of the LNA, in other words the 
input ofLNA consists of a signal and an interferer: 

(B.2.1) 

The 1M3 product at the output of the LNA: 

(B.2.2) 

3 2 
A = -a3 A

5
A 1 (because when As<< A~. A1,out,ros in this case becomes smaller than that in the case of I ,out ,ws 

2 
two interferers (A1M3)) 

(B.2.3) 

and the proportion between the amplitude of the output interferer component at ro1 and the amplitude of the 
output interferer component at ros: 

AJ,out,llJ! ~ __ I a---=--1 _I A--=J~,in.;___ = 21 a, I 1 
3 2 -I a3 I Asig inA !,in 2 ' 

A l,out,cas 

Neglecting desensitization and cross modulation, the following equation can be obtained: 

Equation (B.2.5) can be written in terms of power levels: 

PI ,out ,(J)S = 20log(2) + (P,ig,out - J>.ig,in)- 2~P3 + J>.ig,in + 2Pl,in 

= 20log(2) + G- 2~p3 + Psig,in + 2Pl,in 
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Appendix C 

Results of The Signal, Noise, and Interference Calculation Using Minimum Sensitivity and The 
Minimum Blocking Specifications 

0 

-10 

-20 

-30 

'E 
Ill -40 -+-554 
~ -50 - --N54 
z -60 u; 

~154 

-70 

-80 

-90 

-100 

point 

Figure C-1 S, N, and I at each point in the receiver chain for a data rate of 54 Mbit/s. 
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Figure C-2 S at each point in the receiver chain for two different data rates. 
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Figure C-3 N at each point in the receiver chain for two different data rates. 
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Figure C-4 Interference at the signal frequency at each point in the receiver chain for two different data rates. 

3.50E+01 

3.<XE+01 

2.50E+01 

~ 2.<XE+01 

~ 1.50E+01 

1.<XE+01 

S.<XE+OO 

O.<XE+OO 

2 3 4 

polrt 

Figure C-5 SIN at each point in the receiver chain for two different data rates. 
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Figure C-6 S/(N+n at each point in the receiver chain for two different data rates. 
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Figure C-7 Interference from Bluetooth at its frequency at each point in the receiver chain for two different data rates. 
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Figure C-8 Interference from GSM at its frequency at each point in the receiver chain for two different data rates . 
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Appendix D 

0.1 DXF Mask Layouts of The LAMP2 Antenna Bandpass Filters 

In this section, the DXF mask layouts of the LAMP2 antenna bandpass filters for each laminate sample are 
presented. There are eight filter designs with different length and spacing. The nominal filter is indicated with 
''NOM". The filter with a larger area ofmetal3 and 5 is indicated with "CAP". The larger area ofmetal3 and 5 
is meant to keep the capacitances constant when there is a misalignment caused by process tolerance. 

Figure D.l-1 DXF mask layout of"BPF NOM L5000 S500" and "BPF CAP L5000 S500" in one laminate sample. 

tR{PJf ... ft:IRifP1 i ,~lQUDJ[l] §3!1DJfiJ ' 
·····-··········· . - . . 

Figure D.l-2 DXF mask layout of"BPF L5000 S300" and "BPF CAP L5000 S300" in one laminate sample. 
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Figure D.l-3 DXF mask layout of"BPF L4000 S500" and "BPF CAP L4000 S500" in one laminate sample. 

~[P[f tfl!P L;~I[Uil!JJ ~~Qlg ..... . ... . . · ··-······· ..• . . . .. . ... ... . ' ', .. 

Figure D.l-4 DXF mask layout of"BPF L4000 S300" and "BPF CAP L4000 S300" in one laminate sample. 
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0.2 Measurement Results of the LAMP2 Antenna Bandpass Filters 

In this section, the comparison between the measurement results and the expectation (simulation results) for 
each filter is presented. The red lines (S(3,3) and S(4,3)) are the measurement results and the blue lines (S(l,l) 
and S(2,1)) are the simulation results. The measurements have been done using the ground-signal-ground probes 
met 500 l-Ull pitch. 
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Figure D.2-1 Measurement and simulation results of "BPF NOM L5000 S500". 
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Figure D.2-2 Measurement and simulation results of "BPF CAP L5000 S500". 
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Figure D.2-3 Measurement and simulation results of "BPF 15000 S300". 
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Figure D.2-4 Measurement and simulation results of "BPF CAP 1 5000 S300". 

77 



0 

-10-+ ····················i·············+ ············ i!/' \\··· ·· ·················· /;.L . ·"~= I 

2 3 4 5 6 7 8 

freq, GHz 

Figure D.2-5 Measurement and simulation results of"BPF L4000 S500". 
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Figure D.2-6 Measurement and simulation results of "BPF CAP L4000 S500". 
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Figure D.2-7 Measurement and simulation results of "BPF L4000 S300". 
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Figure D.2-8 Measurement and simulation results of"BPF CAP L4000 S300". 
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