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ABSTRACT 
Advances in microelectronics technology have enabled us to integrate a complex 

electronic system (such as a radio) on a single chip or in a single package module, 
known as system-on-chip (SoC) and system-on-package (SoP) paradigms. This brings 
not only new opportunities for system integration, but also challenges in design and 
implementation. One of these challenges is how to achieve an optimum total solution 
of system integration via chip and package co-design, because there is no tool or 
design methodology available for such kind of optimization. This thesis focuses on 
innovative multi-band multi-standard radio front-end design and explores a new 
design methodology. The motivation of developing this design methodology is to 
achieve an optimum total solution for radio system implementation via chip and 
package co-design and co-optimization.  

The methodology starts from RF packaging and components modeling. 
Necessary models for both on-chip and off-chip passives are developed. Parasitic 
effects of packages for radio chips are modeled for particular frequencies. Compared 
with high-speed digital packaging, RF packaging normally deals with narrow band 
signals. It is possible to absorb some unwanted parasitics by designing proper port 
matching networks. In addition, cost-performance trade-offs are performed. In this 
context, we first developed process and technology based cost models, which include 
parameters like chip real estate, raw materials, package, test and rework. Impact of 
process variation on final yield has also been considered in the models by using a 
statistical analysis approach. Performance of different design options is measured by a 
special FoM (figure-of-merit). Each type of analog/RF circuit (such as LNA, PA and 
ADC) has its own dedicated FoM. Through a series of cost-performance trade-offs 
for different on-chip versus off-chip passives and partitions, an optimum total 
solution is obtained.  

Finally, this methodology was demonstrated via a number of design examples for 
multi-band multi-standard radio front-end. The author has explored the optimum 
solutions for different circuit architectures and process technologies encompassing 
parallel, concurrent and digitally programmable multi-band radio frond-end blocks. It 
is interesting to find that, for complex RF circuits like a multi-band multi-standard 
radio, moving some passives off-chip will have significant cost-savings. 

In addition to the above contributions, the author has also developed an MCM-
D technology on LCP and glass substrates, based on metal deposition and BCB spin-
coating at KTH clean room. The author has also performed some preliminary studies 
on UWB radio for RFID applications.   

Key Words:  chip-package co-design, multi-band radio, system-on-package. 





        Xinzhong Duo:System-on-Package Solutions for Multi-Band RF Front-End             i. 

ACKNOWLEDGEMENTS 
 
 
First of all, I would like to express my gratitude to Docent L.-R. Zheng, Prof. 

Mohammed Ismail and Prof. Hannu Tenhunen, for providing the opportunity of 
doing research in this interesting and challenging area. Their excellent guidance and 
enthusiastic help enable me progressing fast during my Ph.D study. Their broad 
knowledge and acute insight in research give me very deep impression.  

I would also like to thank all other RaMSiS members: Svante Signell, Ana Rusu, 
Steffen Albrecht, Jad Atallah, Saul Rodriguez, Jinliang Huang, Wim Michielsen, Delia 
Rodriguez and Fredrik Jonsson for discussions and collaboration. I have learned so 
much in this group. I will never forget the time enjoyed with all of you.  

I would like to thank my colleagues: Bingxin Li, Meigen Shen, Jian Liu, Li Li, 
Adam Strak, Zhonghai Lu, Yiran Sun, Roshan Weerasekera, Andreas Kämpe, Håkan 
Magnusson, Rene Krenz and all other colleagues in LECS for helpful discussions.  

Many thanks are to Dongping Wu, Erik Haralson (EKT/KTH), Cecilia 
Aronsson (Silex), Qin Wang(Acreo), Patrick Blomqvist (Acreo) and Anders Dalerå 
(Acreo), Liu Chen (Chalmers University of Technology) for their kind help during my 
clean room work and RF measurement of MCM-D substrate.  

Also many thanks are to Hans Berggren, Julio Mercado, Peter Magnusson and 
Richard Andersson for keeping computers in good shapes, to Lena Beronius, Agneta 
Herling, and Gunnar Johansson for their excellent administrative work. 

Financial support from SSF via RaMSiS program and E-PROPER graduate 
school is gratefully acknowledged.   

 
       
      Xinzhong Duo 
 
      Stockholm, 2005

   



   ii.  Xinzhong Duo: System-on-Package Solutions for Multi-Band RF Front-End 

LIST OF PUBLICATIONS 
 

Papers included in this thesis: 

1. X.Duo, L.-R. Zheng, H. Tenhunen, “Modeling and Simulation of Spiral 
Inductors in Wafer Level Packaged RF/Wireless Chips,” Analog Integrated Circuits 
and Signal Processing, Kluwer Academic, pp. 39-47, vol.34, Jan. 2002  

2. L.-R. Zheng, X. Duo, M. Shen, W. Michielsen, H. Tenhunen, “Cost and 
Performance Tradeoff Analysis in Radio and Mixed-Signal System-on-Package 
Design,” IEEE Trans. Advanced Packaging, pp. 364-375, vol. 27, May 2004 
(Invited Paper).  

3. X. Duo, L.-R. Zheng, M. Ismail, H. Tenhunen “On-Chip versus Off-chip 
Passives Trade-offs in Radio and Mixed-Signal System-on-Package,” in 
Submission to IEEE Trans.Circuits and Systems I: Fundamental Theory and 
Applications 

4. X.Duo, T.Torikka, L.-R.Zheng, M.Ismail, H.Tenhunen, “On-Chip versus Off-
Chip Passives in Multi-Band Radio Design,” IEEE Proc. 30th European Solid State 
Circuits Conference, pp.327-330, Leuven, Belgium, Sep.2004. 

5. X.Duo, L.-R. Zheng, H. Tenhunen, “Design and Implement of a 5GHz RF 
Receiver Front-End in LCP Based System-on-Package Module with Embedded 
Chip Technology,” IEEE Proc. Electrical Performance of Electronic Packaging 2003, pp 
51-54, Princeton, USA, Oct.2003. 

6. X.Duo, L.-R. Zheng, H. Tenhunen, “Chip-Package Co-Design of Common 
Emitter LNA in System-on-Package with On-Chip versus Off-Chip Passive 
Component Analysis,” IEEE Proc. Electrical Performance of Electronic Packaging 2003, 
pp 55-58, Princeton, USA, Oct.2003.  

7. X.Duo, L.-R.Zheng, M.Ismail, H.Tenhunen, “Analysis of Lossy Packaging 
Parasitics for Common Emitter LNA in System-on-Package,” 13th Topical 
Meeting on Electrical Performance of Electronic Packaging, pp.75-78, Portland, USA, 
Oct.2004 

8. X.Duo, L.-R. Zheng, H. Tenhunen, “RF Robustness Enhancement through 
Statistical Analysis of Chip-Package Co-Design,” 2004 IEEE International 
Symposium on Circuits and Systems, pp.988-991, vol.1, Vancouver, Canada, May. 
2004 

9. X.Duo, L.-R.Zheng, M.Ismail, H.Tenhunen, “A Concurrent Multi-Band LNA 
for Multi-Standard Radios,” 2005 IEEE International Symposium on Circuits and 
Systems, pp.3982-3985, May.2005 



Xinzhong Duo:System-on-Package Solutions for Multi-Band RF Front-End   

 

iii. 

10. X.Duo, L.-R. Zheng, H. Tenhunen, “A Study of Packaging Requirements for 
Multi-Band/Multi-Standard Wireless Chips,” Proc. IEEE 20th Norchip Conference, 
pp 285-290, Copenhagen, Denmark, Nov. 2002 

11. X.Duo, L.-R.Zheng, M.Ismail, H.Tenhunen, “A DC-13GHz LNA for UWB 
RFID Application,” Proc. IEEE 22th Norchip Conference, pp.241-244, Olso, 
Norway, Nov.2004 

12. X.Duo, L.-R. Zheng, M. Ismail, H. Tenhunen “Broadband CMOS LNAs for 
IR-UWB Receiver,” Proc. IEEE 23th Norchip Conference, Oulu, Finland, Nov. 
2005(accepted) 

Other publications and presentations: 

13. X.Duo, L.-R. Zheng, H. Tenhunen, “Modeling and Simulation of Spiral 
Inductors in Wafer Level Packaged RF/Wireless Chips,” IEEE Proceeding of 19th 
NORCHIP conference, pp. 71-76, Kista, Sweden, Nov. 2001. 

14. X.Duo, L.-R. Zheng, H. Tenhunen, “Electrical Performance Analysis of RF/HF 
Packaging towards 60GHz Applications,” Proc. IEEE Conference on High Density 
Packaging and Component Failure Analysis, pp. 67-72, Shanghai, China, Jun. 2002. 

15. X.Duo, L.-R. Zheng, H. Tenhunen, “Design and Development of Thin Film 
and LCP-Based System-on-Package Modules for RF/Wireless Applications,” 
Proc. Electronics Production and Packaging Conference 2003, pp.205-213, Pori, Finland, 
May. 2003.  

16. X.Duo, L.-R. Zheng, H. Tenhunen, “On-Chip/Off-Chip Passive Component 
Trade-Off Analysis in LNA Design,” IEEE Proceeding of 21st NORCHIP conference, 
Riga, Latvia, Nov.2003  . 

17. X.Duo, L.-R. Zheng, H. Tenhunen, L.Chen, G.Zou, J.Liu, “Chip-Package Co-
Design of 5GHz RF Receiver Front-End on LCP Based SoP Module,” Proc. 
IEEE 21st NORCHIP Conference, Riga, Latvia, Nov. 2003. 

18. X. Duo, T. Torikka, L.-R. Zheng, M. Ismail and H. Tenhunen, “On-Chip versus 
Off-Chip Passives in Multi-Band Radio Design,” Swedish System-on-Chip Conference 
2004, Båstad, Sweden, Apr.13-14, 2004. 

19. T. Torrika, X. Duo, L.-R. Zheng, E.Tjukanoff, H. Tenhunen, “Chip-Package 
Co-Design of a Concurrent LNA in System-on-Package for Multi-Band Radio 
Applications,” Proc. 54th Electronic Components and Technology Conference, pp.1687-
1692, Las Vegas, USA, Jun.2004. 

20. X. Duo, M. Shen, L.-R. Zheng, M. Ismail and H. Tenhunen “A Self-Powered 
CMOS UWB Transponder for Passive RFID Systems” Swedish System-on-Chip 
Conference 2005, Sweden, Apr.18-19, 2005.  



   iv.  Xinzhong Duo: System-on-Package Solutions for Multi-Band RF Front-End 

21. S. Rodríguez, X. Duo, L.-R. Zheng and M. Ismail, “System Design of a Direct 
Sequence UWB Impulse Transceiver,” Swedish System-on-Chip Conference 2005, 
Sweden, Apr.18-19, 2005.  

22. S. Rodríguez, X. Duo, S. Yamac, M.Ismail and L.-R. Zheng, “CMOS UWB IR 
Non-Coherent Receiver for RFID,” in submission to 2006 IEEE International 
Symposium on Circuits and Systems, May. 2006 

23. L.-R. Zheng, M. Shen, X. Duo, and H. Tenhunen. “System-on-chip versus 
system-on-package solutions” Proc. IEEE 55th Electronic Component and Technology 
Conference, Florida, USA, May 2005. 



Xinzhong Duo:System-on-Package Solutions for Multi-Band RF Front-End   

 

v. 

CONTENTS 
 

Acknowledgements .............................................................................................................i 
List of Publications ........................................................................................................... ii 
Contents .............................................................................................................................. v 
List of Abbreviations ..................................................................................................... viii 

1.  Introduction......................................................................................... 1 
1.1. Thesis Background .................................................................................................... 1 

1.1.1. Wireless Communication Technologies............................................................... 2 
1.1.2. Trends in RF Packaging ......................................................................................... 2 
1.1.3. New Applications of Wireless Communication.................................................. 3 

1.2. Problem Description ................................................................................................. 5 
1.2.1. Wafer Level Packaging for RF Applications ....................................................... 5 
1.2.2. System-on-Package and Chip-Package Co-Design............................................. 6 

1.3. Research Overview .................................................................................................... 7 
1.3.1. Modeling and Analysis of Passives in WLP......................................................... 7 
1.3.2. RF SoP Substrate Development............................................................................ 7 
1.3.3. Modeling of RF First-Level Interconnections..................................................... 7 
1.3.4. Chip-Package Co-Design of RF SoP.................................................................... 8 

1.4. Thesis Outline ............................................................................................................ 9 
2. Advanced Packaging Technologies ....................................................11 

2.1. Introduction to Packaging Technologies ............................................................. 11 
2.1.1. Electronic Packaging Trends ............................................................................... 11 
2.1.2. Multi-Chip Module................................................................................................ 12 

A. MCM-C.................................................................................................................. 13 
B. MCM-L .................................................................................................................. 13 
C. MCM-D ................................................................................................................. 13 
D. Fabrication of MCM-D Substrates with Embedded Passives ....................... 14 
E. Implementation of MCM-D Technologies in Radio Design ......................... 15 

i. Receiver Front-End of Wireless LAN............................................................15 
ii. Transceiver of UWB RFID...............................................................................17 

2.1.3. Wafer Level Package............................................................................................. 21 
A. Introduction to Wafer Level Package................................................................ 21 
B. Advantages of WLP ............................................................................................. 22 
C. WLP in RF Applications ..................................................................................... 23 

2.2. System-on-Package .................................................................................................. 24 
2.2.1. MCM versus SoP................................................................................................... 24 
2.2.2. SoC versus SoP...................................................................................................... 24 

A. SoC and Its Challenges........................................................................................ 24 
B. SoC or SoP? .......................................................................................................... 25 

2.2.3. Challenge of SoP ................................................................................................... 25 
A. Design Challenges................................................................................................ 25 

i. EMI/EMC Problems.........................................................................................25 
ii. Design Tools........................................................................................................25 

B. Technical Challenges............................................................................................ 26 



   vi.  Xinzhong Duo: System-on-Package Solutions for Multi-Band RF Front-End 

 

i. Low Parasitic and Precise Interconnections.................................................. 26 
ii. Power Dissipation and Thermal Reliability ................................................... 26 
iii. High Density Interconnect Substrate ............................................................. 26 

3. Chip-Package Co-Design .................................................................. 27 
3.1. Overview of Chip-Package Co-Design ................................................................ 27 
3.2. Overview of System Partitioning .......................................................................... 28 
3.3. Overview of Trade-off Analysis of Passives ....................................................... 30 

4. On-chip Vs. Off-chip PassivesTrade-offs .......................................... 33 
4.1. Performance Analysis.............................................................................................. 33 

4.1.1. Modeling of Passives and Package Parasitics .................................................... 33 
A. Modeling of Off-Chip Passives.......................................................................... 33 
B. Modeling of Packaging Parasitics....................................................................... 34 

4.1.2. Theoretical Analysis of Performance ................................................................. 35 
4.2. Cost Analysis ............................................................................................................ 36 

4.2.1. Cost of Module Rework....................................................................................... 37 
4.2.2. Variation of Chip Area ......................................................................................... 37 
4.2.3. New Cost of Packaging ........................................................................................ 38 
4.2.4. Testing Cost ........................................................................................................... 38 
4.2.5. Impact of Process Variation on Product Yield................................................. 38 

5. Chip-Package Co-Design of Radio Module ...................................... 39 
5.1. Multi-Band/Multi-Standard Radio Front-End Architectures .......................... 39 

5.1.1. Parallel Multi-Band Receiver ............................................................................... 39 
5.1.2. Digitally Programmable Multi-Band Receiver................................................... 39 
5.1.3. Concurrent Multi-Band Receiver ........................................................................ 40 

5.2. Design of a Single Band LNA ............................................................................... 42 
5.2.1. Performance Analysis ........................................................................................... 42 

A. Theoretical Analysis of LNA with On-chip Passives...................................... 42 
B. Theoretical Analysis of LNA with Off-chip Passives ..................................... 44 
C. Results Analysis of Each Solution ..................................................................... 45 

5.2.2. Case Study of Cost Analysis ................................................................................ 46 
5.2.3. Circuit Design and Implementation ................................................................... 48 

A. Design of LNAs................................................................................................... 48 
B. Post-Design Cost Analysis of LNAs ................................................................. 49 

5.3. Design of a Concurrent Multi-Band LNA .......................................................... 51 
5.4. Design of a Digitally Programmable Multi-Band LNA..................................... 53 
5.5. Design of a Wide Band LNA................................................................................. 56 
5.6. Conclusions of Passives Trade-off Analysis........................................................ 58 

6. Summary of Papers ............................................................................ 59 
6.1. Introduction to the Attached Papers.................................................................... 59 

6.1.1. Modeling of Passives and Parasitics of Package ............................................... 59 
A. Paper. 1.................................................................................................................. 59 
B. Paper. 10................................................................................................................ 59 
C. Paper. 7.................................................................................................................. 60 

6.1.2. Performance and Cost Trade-off Analysis ........................................................ 60 
A. Paper. 5.................................................................................................................. 60 
B. Paper. 6 .................................................................................................................. 61 
C. Paper 9................................................................................................................... 61 



Xinzhong Duo:System-on-Package Solutions for Multi-Band RF Front-End   

 

vii. 

6.1.3. Statistical Analysis and Yield Improvement ...................................................... 62 
A. Paper 8................................................................................................................... 62 

6.1.4. Chip-Package Co-Design for Multi-Band Radio............................................... 62 
A. Paper 2................................................................................................................... 62 
B. Paper 3 ................................................................................................................... 63 
C. Paper 4 ................................................................................................................... 64 

6.1.5. UWB Receiver ....................................................................................................... 64 
A. Paper 11................................................................................................................. 64 
B. Paper 12 ................................................................................................................. 65 

6.2. Author’s Contributions to the Papers .................................................................. 65 
7. Thesis Summary and Future Work .................................................... 67 

7.1. Thesis Summary ....................................................................................................... 67 
7.2. Future Work.............................................................................................................. 68 

8. Bibliography ....................................................................................... 69 



   viii.  Xinzhong Duo: System-on-Package Solutions for Multi-Band RF Front-End 

 

LIST OF ABBREVIATIONS 
 
BCB  BenzoCycloButene 
BGA  Ball Grid Array 
CAD  Computer Aided Design 
CDMA  Code Division Multiple Access 
CMOS  Complimentary Metal Oxide Semiconductor 
COB  Chip on Board 
CPU  Central Processing Unit 
CPW  Coplanar Waveguide 
CSP  Chip Scale Packaging 
DECT  Digital Enhanced Cordless Telecommunications 
DIP  Dual in-line Package 
DoE  Design of Experiment 
ECM   Equivalent Circuit-Based Models 
ESD  Electro Static Discharge 
FC  Flip Chip 
FoM  Figure of Merit 
GPRS  General Packet Radio Service 
GPS  Global Positioning System 
GSM  Global System for Mobile Communication 
HFIC  High Frequency Integrated Circuit 
HFSS  High Frequency Structure Simulator  
   (an electromagnetic wave based simulator from Ansoft) 
HTCC  High Temperature Co-Fired Ceramic 
IC  Integrated Circuit 
LCP  Liquid Crystal Polymer 
LNA  Low Noise Amplifier 
LTCC  Low Temperature Co-Fired Ceramic 
MAN  Metropolitan Area Network 
MCM  Multi Chip Module 
MCM-C Multi Chip Module-Ceramic 
MCM-L Multi Chip Module-Laminate 
MCM-D Multi Chip Module-Deposited 
MEMS  Micro Electro-Mechanical System 
MMIC  Monolithic Microwave Integrated Circuit 
RFID  Radio Frequency Identification 



Xinzhong Duo:System-on-Package Solutions for Multi-Band RF Front-End   

 

ix. 

PACS  Personal Access Communication System 
PBM  Physics Based Model 
PCB  Printed Circuit Board 
PGA  Pin Grid Array 
PHS  Personal Handyphone System 
PLD  Package Level Dielectric 
PWB  Printed Wiring Board 
Q  Quality Factor 
QFP  Quad Flat Pack 
RF  Radio Frequency 
SMD  Surface Mount Device 
SMT  Surface Mount Technology 
SoC  System-on-Chip 
SoP  System-on-Package 
TAB  Tape Automated Bonding 
UWB  Ultra Wide Band 
VCO  Voltage Controlled Oscillator 
VLSI  Very Large Scale Integrated Circuit 
VSWR  Voltage Standing Wave Ratio 
WCDMA Wideband Code Division Multiple Access 
WLAN  Wireless Local Area Network 
WLL  Wireless Local Loop 
WLP  Wafer Level Package 
WPAN  Wireless Personal Area Network 
WSAN  Sensor Area Network 
WWAN Wireless Wide Area Network 





 

1.  Introduction 

1.1. Thesis Background 

During the last decades, wireless technologies have been applied widely and 
become a new growth point of microelectronics market instead of personal computers. 
Various wireless technologies, such as cellular phones, Wi-Fi, GPS (global position 
system), RFID (Radio frequency Identification) and wireless sensor networks, have 
been developed and implemented for voice and data services, positioning, logistics, 
automatic control, etc. Meanwhile, each technology itself evolves quickly. For example, 
the bit rate of cellular systems is only 9.6Kb/s in GSM service (2G wireless). It is 
increased to 56Kb/s in GPRS service (2.5G) and to 2Mb/s in WCDMA service (3G). 
It will become even higher in future generations. The data rate of short-range wireless 
communications has already gone beyond 500Mb/s (e.g. Ultra-wide band). Fig. 1-1 
depicts the coverage and bit rate of some wireless technologies. Prices of wireless 
products and services have also dropped dramatically. This demand has become a key 
driving force of developing wireless products towards higher integration/convergence, 
lower cost, higher data rate, longer battery life, smaller size and better 
reliability/robustness. Therefore, the general goal of the RaMSiS team at KTH is to 
develop innovative circuits and systems that work across multiple wireless standards. 
As a part of RaMSiS research, this thesis explores innovations at architecture, circuit, 
physical layout and packaging levels in order to obtain robust performance and cost-
effective total solutions for convergent wireless applications.  

1
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Fig. 1-1 The bit rate and coverage of various wireless standards 
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1.1.1. Wireless Communication Technologies 

According to the operating distance, wireless networks can be classified into five 
key categories: wireless wide area network (WWAN), wireless metropolitan area 
network (WMAN), wireless local area network (WLAN), wireless personal area 
network (WPAN) and wireless sensor area network (WSAN). WWAN, which includes 
cellular systems, GPS, etc, works over a great distance (>>1Km), or even globally. A 
WLAN, covering a range of ~100m, is designed to supplement and in some cases to 
replace traditional wire-based local area networks. WMAN provides a broadband and 
fast access (higher data rate) with an even longer distance than that of WLAN, e.g. 
Worldwide Interoperability for Microwave Access (WiMAX). It is an extension of 
WLAN. WPAN is a type of wireless network that covers the communication between 
electronic devices on people’s desktops or inside offices (< 10 meters). It includes 
Bluetooth, HomeRF, UWB (Ultra-Wide Band), etc. WSAN is an emerging application. 
It is a network consists of numerous small independent sensor nodes within a distance 
of a few centimeters to a few meters. The sensor nodes are self-contained units 
consisting of a battery, radio, sensors, and a minimal amount of on-board computing 
power. The nodes self-organize their networks, rather than having a pre-programmed 
network topology. Because of the limited electrical power, nodes are built with power 
conservation in mind and generally spend a large amount of time in a low-power 
"sleep" mode. Radio Frequency Identification (RFID) is a key element in WSAN. Fig. 
1-2 illustrates the applications of various wireless technologies. 

PAN

WSAN

 
Fig. 1-2 Classification of wireless networks 

1.1.2. Trends in RF Packaging 

The functions of electronic packaging are to protect, power and cool down 
microelectronic devices and to provide electrical and mechanical connections between 
devices and outside world [Tumma01]. With the evolution of microelectronics 



§1:Introduction 

 

3 

technology, more and more devices can be integrated on a single chip or package but 
meanwhile, more and more power is consumed in electronic systems, more and more 
bandwidth is demanded for off-chip interconnections. This brings great challenges to 
IC packaging technologies. Consequently, the cost of packaging rises quickly, 
particularly in high-speed and radio system products. 

In order to reduce the cost, it has been a trend that off-chip discrete components 
are preferably to be integrated on chip or embedded in a functional package substrate. 
For example in a GSM terminal, the number of discrete components dropped from 
500 in 1994 to 100 in 2000. In addition, the number of package hierarchies has been 
reduced in order to minimize parasitics and module size. Therefore, in advanced RF 
modules, only first level packaging is implemented, such as chip-on-board. Fig. 1-3 
shows the evolution of different generations of Bluetooth package and depicts the 
trends of RF packaging. The number of discreet components drops from around 50 in 
the old module to only 1 in the latest one.  

(1) Hyper Corporation 

(3)IMEC

(2)Ericsson

 
Fig. 1-3 The evolution trend of Bluetooth modules, from a PCB based module with 
numerous discrete components (1) to a compact MCM with SMT passives (2), and finally 
to a module with a highly integrated SoP substrate with embedded passives on the 
substrate. 

1.1.3. New Applications of Wireless Communication 

It is believed that the wireless market will experience higher growth in the next 
decade, partially because of the emergence of new applications such as RFID and 
wireless sensor networks. RFID technology merges information flow and objectives’ 
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logistic flow. It facilitates the tracking of objects, primarily in inventories control. 
RFID could improve business processes such as stock management and supply chain 
administration. It has appeared in various forms from keyless entry badge readers, 
automatic toll collection, to smart cards. RFID systems are composed of readers, 
RFID labels and information collection networks. A wireless sensor network consists 
of a large number of cooperating small-scale nodes, each capable of limited 
computation, wireless communication, and sensing. In a wide variety of application 
areas including geophysical monitoring, precision agriculture, habitat monitoring, 
transportation, military systems and business process, wireless sensor networks are 
envisioned to be sued to fulfill complex monitoring tasks.  

These applications bring very critical challenges to wireless technologies. RFID 
tags and wireless sensors are used in very large quantities. Therefore, the price of tags 
and sensors must be very cheap. For example, some RFID tags should be less than 
tens of USD cents. Power consumption should also be kept at a very low level to 
allow these devices to work for months or years with battery supplies, or even without 
batteries (such as passive RFID). The size of these devices should also be very small 
to be easily placed and carried.  

In order to improve performance and reduce size, power consumption and cost, 
electronic systems start to be encapsulated into single components, known as system-
on-chip (SoC) and system-on-package (SoP), incorporating both hardware and 
software [Zheng03, Benai03, Lim02].  

In radio and mixed-signal applications, SoP is often considered as a promising 
alternative of SoC in the aspects of cost and performance, depending on system 
complexity and performance requirements [Meige02]. Many RF-SoPs have been 
designed and implemented [Chakr02, Suton01, Donna00,], both in MCM-D 
[Wamba00, Diels01] and in LTCC [Suton01].  

There have been many arguments on SoP versus SoC solutions. Actually, the 
answer is not so simple as that one technology is superior to the other. Studies 
(e.g.[Meigen02]) have revealed that it dependents on the complexity of a system as 
well as the performance requirements, sometimes SoP is better, sometimes SoC is 
better. As a result, it comes with a very practical question: how does a designer know 
whether this is the best and optimum solution for the system implementation? More 
precisely, for example, how can a designer know that this component should be 
integrated on-chip but that component should stay off-chip?  

In this thesis work, the following researches have been done: 
• Modeling of embedded inductors in wafer level package(WLP) to optimize 

process parameters and geometrical parameters; 
• Modeling of RF packages including bonding wires and solder bumps to predict 

the tolerance of process variations; 
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• Development of high-performance and low-cost SoP substrates based on thin 
film deposition technologies; 

• Design and demonstration of a 5GHz WLAN receiver front-end in liquid 
crystal polymer(LCP) and glass based SoP module, respectively;  

• Development of a design methodology for on-chip versus off-chip passives 
trade-offs; 

• Design and implementation of several multi-band/multi-standard radio blocks 
with on-chip versus off-chip passive trade-offs. 

1.2. Problem Description 

1.2.1. Wafer Level Packaging for RF Applications 

With the advance of deep sub-micron CMOS technologies, CMOS processes 
have been implemented in RFIC design. Because of the lossy Si substrates of CMOS 
chips, the quality factor (Q) of on-chip inductors is usually low, typically 2~10 
[Kouts00, Burgh98]. This is an obstacle to design high performance RF CMOS 
circuits.  

Although Q of discrete inductors and embedded inductors one the package 
substrate is quite high (Q even reaches 100) [Piete01], the parasitics of interconnects 
between chips and off-chip passives degrade the accuracy of inductance values. Bad 
controllability of the interconnects induces large deviations of parasitics from batch to 
batch.  

Wafer-level-package (WLP) with high Q embedded passives as well as area array 
I/O connection is an emerging package technology with which dies are packaged at 
the wafer level before dicing. WLP could significantly reduce the parasitic of the 
package [Carch03, Nutti03]. Compared to conventional on-chip inductors, inductors 
in WLP could be fabricated on a thick, low-k, low loss dielectric (such as 
BenzoCycloButene (BCB) or silica xerogel instead of SiO2) layer on the top of Si 
substrate, and with wide, thick and low resistivity metal wires. As a result, Q of the 
inductors in WLP is much higher than that of their traditional on-chip counterparts.  

Interconnects between passives in WLP and on-chip active devices are wires and 
vias fabricated with lithography processes, instead of bonding wires or solder bumps. 
Therefore, the sizes of these interconnects are more accurate and their parasitics are 
more predictable. The robustness and reliability of the circuit with passives in WLP is 
improved.  

The quality factor of these passives in WLP could be improved by thick dielectric 
and metal layers. However, thick dielectric and metal layers also increase the difficulty 
of processing. Some questions are what thickness of dielectric layers and metal layers 
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is preferred for a compromise between performance and process difficulty, how the 
process parameters impact the quality factor of inductors, and what kind of design 
space is available for a given WLP technology. Optimal parameters and design spaces 
are analyzed with electromagnetic simulations in Paper-1.  

1.2.2. System-on-Package and Chip-Package Co-Design 

System-on-Chip is defined as the realization of an entire system’s functionality in 
a single, large IC (with process compromise to accommodate various macros and 
technologies). This idea is enabled and fueled by deep submicron CMOS technologies. 
At the IC level, continuing technology scaling will soon, make it possible to place giga-
scale number of transistors on a single chip, where not only memory and logic cells 
are integrated together, but also analog/RF circuits, resulting in a mixed signal SoC 
[Wittm00, Diaz03]. Many chip designers believe that SoC should be the final 
destination of system integration [Eynde01, Lie02]. Nonetheless, studies have also 
shown that single chip integration for RF and mixed-signal systems faces many 
challenges, which include: 

• Cost of integrating a diversity of technologies is high; 
• Probably large size of SoC chip could degrade the yield; 
• The cost of large on-chip passives is high; 
• The quality factor of on-chip inductors is low in CMOS (< 10). 
• It is difficult to integrate noisy digital circuits with noise sensitive analog/RF 

circuits (substrate coupling problems). 
SoP is defined as the realization of entire system functionality on a micro-board. 

SoP integration overcomes these formidable integration barriers by clever chip 
partitioning. In addition, passives can be integrated in high quality SoP package 
substrates, avoiding low quality on-chip passives or circumventing expensive chip 
technology adaptations. Therefore, SoP is a good option for high performance and 
low cost radio components.  

Some arguments are that if passives are moved off chip, a package interface 
between chips and passives will be inserted, which will consequently introduce 
unwanted parasitics to RF circuits and thus degrade the performance [Xing98, Qi98]. 
Extra on-chip I/O pads in package interface consume a large part of chip area and 
counteract the effort of saving expensive chip estate by moving passives off-chip. 
Furthermore, interconnections between chips and off-chip passives (such as bonding 
wire and solder bump) are not manufactured with lithography processes. As a result, 
geometry and parasitics cannot be predicted accurately, thus cannot be co-designed 
with chips and off-chip passives precisely. This implies that moving passives off chip 
is not always profitable, depending on the particular SoP technology, chip bonding 
techniques, and applications. Therefore, an optimal solution for system-level 
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integration (SoC or SoP) needs designing with precise system partitioning and trade-
offs of on-chip versus off-chip passives integration.  

1.3. Research Overview 

This text summarizes the overall approach and techniques used in this work. Key 
results are summarized as well.  

1.3.1. Modeling and Analysis of Passives in WLP  

One of the outstanding advantages of WLP is low cost, as WLP is an extension 
of traditional VLSI technologies. Wafer level package with embedded high Q passives 
will be a competitive technology for future RF/wireless applications. However, the 
improvement of performance always implies increasing process difficulty.  

The motivation of this work is to identify optimal process parameters for 
passives embedded in WLP using BCB and Cu/Al process, and to explore the design 
space of high performance inductors for a given WLP process.  

Modeling and simulation of inductors in WLP are carried out with a 3D 
electromagnetic (EM) solver -- HFSS (High Frequency System Simulator). This is a 
finite-element-method (FEM) based solver. It provides accurate physical models for 
3D structures. Often-used moment-based field solver is not suitable for this analysis 
because moment based method is a 2.5D field solver that is applicable only to almost-
planar problems. Process parameters (such as the thickness of dielectric layer and 
metal layer), geometry parameters (such as the pitch and width of metal wires) are 
varied to study their influence on the performance of inductors. In this work, Si 
substrates with resistivity of 10 ohm•cm are chosen. The material of the dielectric 
layer in WLP is SiO2 and BCB, respectively.  

1.3.2. RF SoP Substrate Development 

Thin film deposition technologies are implemented to manufacture high 
performance RF SoP modules. In order to achieve high Q passives, low-loss glass 
substrates and LCP (liquid crystal polymer) substrates are used, respectively. BCB is 
chosen as the interlayer dielectric material. Passives with various geometric 
configurations are fabricated.  

High quality embedded passives (Q>60) are obtained through both technologies. 
The performance of each building block is quite high. Finally, 5GHz wireless LAN 
receiver front-ends are designed and implemented with both SoP technologies. 

1.3.3. Modeling of RF First-Level Interconnections  

Modeling and simulation of bonding wires and solder bumps is also carried out 
with HFSS. This work aims to predict the tolerance of process variation for various 
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chip-bonding technologies, thus identifies the strategy of chip-bonding technologies 
for various RF applications. Bonding wires and solder bumps are studied by varying 
their geometry shapes and sizes. The scattering parameters of bonding wires and 
solder bumps in a frequency range from 1GHz to 80GHz are simulated. A passive 
compensation-network is designed for specific bonding wires. 

For the cases presented in Paper-10, it is concluded that if a bonding wire is 
carefully compensated by passive networks, it could work at a very high frequency, say 
40GHz. However, it is very sensitive to the variation of its geometry, even a small 
variation (<10%) will change its electrical response, and introduce mismatch at ports. 
Bonding wires are preferred to work in a frequency range less than 20GHz. If the 
length and height of a bonding wire could be well controlled, it could also work at a 
frequency up to 40GHz. Solder bumps have very little parasitics. Studies have shown 
that they could work perfectly at 60GHz, even when the variation of the bump size is 
more than 50%.  

RF performance of transmission lines on MCM substrates is also analyzed. A 
comparison between microstrip lines and coplanar waveguides reveals that, coplanar 
waveguides have higher loss, while their impedances are less frequency dependent 
than those of microstrip lines. Co-planar waveguides are more suitable for wide band 
applications. The roughness of conductors impacts the losses of transmission lines 
very much in high frequency applications.  

1.3.4. Chip-Package Co-Design of RF SoP 

A complete and systematic analysis approach for on-chip versus off-chip passives 
is given. This method includes performance analysis and cost analysis. Performance is 
estimated with figure-of-merit (FOM).  Performance metrics of circuits, such as gain, 
noise and linearity, could be calculated with analytical equations. With these 
quantitative performance metrics, FOM of circuits could be calculated. The cost of 
circuits is estimated with the area of chip and package, packaging cost and yield. 
Monte Carlo analysis is implemented in yield analysis.  

With this approach, chips and their module substrates are co-designed and co-
optimized in the same design plan according to performance and cost. This 
methodology optimizes the design of SoP and meets the gap between chips and 
packages. In chapter 3, the overview of chip-package co-design is introduced. In 
chapter 4, the design flow of on-chip versus off-chip passives trade-off is analyzed, 
which includes quantitative cost analysis and performance analysis. In chapter 5, four 
design examples of multi-band/multi-standard radio in a diversity of technologies and 
topologies are analyzed to demonstrate the methodology. As a result, some design 
guidelines for the trade-off analysis are presented. 
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1.4. Thesis Outline 

Chapter 1 introduces the thesis background and gives a brief overview of the 
research work. Chapter 2 reviews some advanced packaging technologies and SoP. 
Chapter 3 overviews the methodologies of chip-package co-design. Chapter 4 gives a 
detailed analysis of on-chip versus off-chip passives trade-off analysis. Chapter 5 gives 
some examples of multi-band/multi-standard radio designed with this methodology. 
Contents of the appended papers and contributions of authors are summarized in 
Chapter 6. The thesis conclusion and future work are presented in Chapter 7. 

 





 

2. Advanced Packaging Technologies  

2.1. Introduction to Packaging Technologies 

The function of electronic packaging is to protect, power and cool down 
microelectronic devices and to provide electrical and mechanical connection between 
the devices and the outside world [Tumma01]. Packaging is an essential and integral 
part of semiconductor products. Package of many high performance electronic 
products is now a critical competitive factor, as it affects operating frequency, power, 
complexity, reliability and cost of semiconductor products.   

 
Fig. 2-1 Electronic Packaging Efficiency. The packaging technology is evolved from DIP 
with an efficiency of 2% to SoP with an efficiency of 80%.  

2.1.1. Electronic Packaging Trends 

The progress of electronic packaging has already been consistent with projections 
of IC roadmap. Packaging technologies have evolved from DIPs (Dual in Package) 
and PGAs (Pin Grid Array) in 1970s, QFPs (Quad Flat Pack) in 1980s, BGAs (Ball 
Grid Array) in 1990s to CSPs (Chip Scale Packaging) and MCMs (Multi-Chip Module) 
in 2000s [Tumma99]. The trends of electronic packaging are towards higher density, 
higher reliability, and higher performance. Packaging efficiency, defined as the ratio of 
the area of all ICs to the area of system-level board, is also increased from 2%(DIP), 
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5%(QFP), to over 80% (SoP) in the near future, which is shown in Fig. 2-1. Two of 
the most advanced packaging technologies—MCM and WLP (wafer level packaging) 
are involved in this thesis work, and are introduced in the following sections.  

2.1.2. Multi-Chip Module 

A simple definition of multi-chip module is a single electronic package containing 
more than one IC. An MCM combines high performance ICs, usually bare dies, with a 
custom-designed common substrate, which provides mechanical support for the chips 
and multiple layers of conductors to interconnect them. A sketch of a MCM is 
illustrated in Fig. 2-2. The fundamental intention of MCM technology is to provide an 
extremely dense conductor matrix for the interconnection of IC chips. MCM offers 
numerous advantages over mounting packaged components directly on PCB: 

• Performance is improved through shorter interconnect lengths between dies, 
lower power supply inductance, lower loading capacitance, less cross talk, and 
lower off-chip driver power. 

• Miniaturization, since MCM results in a smaller overall package size, compared 
with packaged components. 

• Short time-to-market makes it as an attractive alternative to ASICs, especially 
for products with short life cycles.  

• Compatibility, allowing integration of mixed semiconductor technologies, such 
as SiGe and GaAs. 

• Improved reliability by decreasing the number of interconnects between 
“components” and boards. 

Flip-Chip Wire Bonding

 
Fig. 2-2 A sketch of a MCM substrate with chips bonded through different technologies  

The substrate is the basis of MCM and is the technology that gets most attention. 
Based on fabrication techniques of substrate, MCM is classified as MCM-C (Ceramic), 
MCM-L (Lamination) and MCM-D (Deposition).  
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A. MCM-C 
MCM-C is the module that is constructed on co-fired ceramic or glass ceramic 

substrates using thick film (screen printing) technologies to form conductor patterns 
with fireable metal. There are three ceramic based technologies that can be classified 
as thick film multi-layer (TFM), high temperature co-fired ceramic (HTCC), and low 
temperature co-fired ceramic (LTCC).  

Each of the MCM-C technologies has its own advantages and disadvantages. We 
take LTCC for an example. 

Advantages: 
• Low price at high volume 
• Easy to be terminated with PGA, BGA  
• High number of layers (>50) 
• Relatively low coefficient of thermal expansion that is compatible with silicon 

Disadvantages: 
• Medium to high dielectric constant material 
• High weight 
• Difficult shrinkage control and poor dimensional control 
• Low thermal performance  

B. MCM-L 
MCM-L is the module which is constructed by plastic laminate-based dielectrics 

and copper conductors utilizing advanced printed wiring board (PWB) technologies to 
form interconnects and vias. MCM-L is low cost as a result of an existing 
infrastructure for high volume production. High electrical conductivity interconnects 
and intermediate values of dielectric constant are available.  

Advantages: 
• Low cost. 
• Medium to high packaging density. 

Disadvantages: 
• Relative high coefficient of thermal expansion. 
• Low thermal conductivity  
• Moisture sensitive 

C. MCM-D 
MCM-D is the module that is formed by deposition of thin film metal on 

dielectrics. It is a recently developed technology with roots in semiconductor industry. 
The substrates are generally made of metal, ceramic or silicon. The dielectric layer are 
usually made of silicon dioxide or liquid polymer such as polyimide, benzocyclobutene 
(BCB), or some fluoropolymer, deposited by conventional spin coating.  
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Advantages: 
• Narrow lines (≈ 10um) 
• Small via holes (10-50um) 
• Low weight 
• High interconnect volumetric density 

Disadvantages: 
•  Poor thermal conductivity 
•  Limited Number of layers  
•  High cost 

D. Fabrication of MCM-D Substrates with Embedded Passives 
Embedded passives in MCM substrate could reduce the cost and feature size of 

modules when compared with traditional discrete passives. MCM-D substrate with 
embedded passives is developed in this thesis work. The MCM-D substrate consists of 
a thin layer of benzocyclobutene (BCB) dielectric (CycloteneTM from Dow) and two 
layers of aluminum deposited on a carrier substrate. Two kinds of carrier substrates 
are used, respectively. One is a borosilicate glass carrier substrate (εr=4.6, tanδ=0.005) 
with the thickness of 1mm, the other is liquid crystal polymer substrate(εr=3, 
tanδ=0.0045) with the thickness of 100µm. BCB has very low dielectric loss 
(tanδ=0.0005), low dielectric constant(εr=2.65) and low moisture absorption. A BCB 
layer with the thickness of 2.4µm is spin coated and then cured. Via holes through the 
BCB layer, which allow connection of different metal layers, are formed by plasma 
etching. Compared with photo-BCB process, smaller via holes (minimum 
diameter<10µm) are achieved in this way, which could achieve even higher 
interconnection dense. The metal layers are deposited by sputtering. The thickness of 
the top aluminum layer and aluminum layer are 3µm and 0.5µm, respectively. The 
minimum dimension in the two metal layers is 10µm. Spiral inductors are patterned 
on the top metal layer, shown in Fig. 2-3(a).  A Q of 50 at 10 GHz is achieved in EM 
(Electro-Magnetic) simulation. Parallel plate capacitors are fabricated in the two metal 
layers and the BCB layer, shown in Fig. 2-3(b). CPW (co-planar waveguide) 
transmission lines are used to connect passives and chips. They have one more 
degrees of freedom than microstrip lines— the spacing between the line itself and the 
ground plane. Hence, substrate process is simplified. CPW uses a ground plane in the 
same plane as the conductors such that an extra layer can be saved. Moreover, via 
holes through the substrate for ground connections are not necessary. A drawback of 
CPW is that it may occupy relatively more substrate estate.  
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1.3mm

1.3mm 300µm

300µm

(a) (b)
 

Fig. 2-3 photographs of (a) spiral inductor (b) parallel plate capacitor embedded on 
MCM-D substrate 

E. Implementation of MCM-D Technologies in Radio Design 

i. Receiver Front-End of Wireless LAN 
A heterodyne receiver front end of Wireless LNA (IEEE802.11a) is 

implemented in a MCM-D module. The topology of a 5GHz receiver front-end is 
shown in Fig. 2-4. This module is composed of a low noise amplifier (LNA), two 
bandpass filters and a downconverter. 

LNA: GaAs HEMT
Down-converter: GaAs MMIC  

Fig. 2-4 The architecture of the receiver of wireless LAN 

In this module, the LNA is built with a GaAs HEMT (high electron mobility 
transistor) and embedded passives. It is a single-ended source degenerated amplifier. 
The downconverter is a GaAs chip. The two chips are mounted on the MCM 
substrate. The embedded passives in the LNA and the bandpass filters are integrated 
on the substrate. Co-planar-waveguide (CPW) structures are implemented in the 
design. All of the sub-circuits in the module are matched to 50 Ohms.  
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The filter is a second-order bandpass filter with lumped elements. Schematic of 
the filter is shown in Fig. 2-5 (a). The filter is composed of 2 LC-resonators. The Q of 
passive components in the filters is designed as high as possible to reduce the loss of 
the filter. The layout of the filter is shown in Fig. 2-5 (b). The simulation results of 
insertion loss and return loss are shown in Fig. 2-5 (c). The insertion loss is 2.6 dB; the 
return loss is better than 11dB. The size of the filter is 3.5mm by 2.9mm.  
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Fig. 2-5 The schematic, layout and simulation results of the band pass filter 
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Fig. 2-6 (a) the schematic of the LNA, (b) the layout of the LNA, (c)the gain and noise 
figure of  the LNA and (d) the input and output matching of the LNA 
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The schematic of LNA is shown in Fig. 2-6(a). This is a single-ended common 
source LNA. In the input matching network of the LNA, the inductor is designed 
with a very high Q to improve gain and reduce noise figure. As to the output 
matching work, Q of the inductor is designed very low to stabilize the circuit, thus 
resistors are not needed in this circuit. The layout of the LNA is shown in Fig. 2-6 (b); 
the gain and noise figure is shown in Fig. 2-6(c). The gain is around 12.4dB; noise 
figure is better than 1.35dB. Fig. 2-6(d) shows the input matching and output 
matching performance. S22 (output matching) is less than -13dB; S11 (input matching) 
is less than -15dB.  

BPFLNABPF Mixer

 
Fig. 2-7 Photograph of the receiver of wireless LAN 

In the design, the parasitics of solder bumps are taken into account. Hence, the 
embedded passives are partially compensated by the parasitics. Finally, the receiver 
front-end is built up with these sub-blocks. The layout is shown in photograph is 
shown in Fig. 2-7. The conversion gain of the module is better than 20dB. 

ii. Transceiver of UWB RFID  
Ultra Wide Band (UWB) impulse radios have been an important subject of 

investigation lately. The main characteristic of UWB impulse radios is that very low 
emission power density is achieved by spreading the energy of short time pulses in 
wideband. These radios present the advantage of not requiring up/down conversion 
of frequency, which results in reduced complexity and low cost of manufacturing. As 
a result, the radio transceiver is almost fully digital and only very few RF components 
are needed [Win98]. However, impulse radios present many technical challenges. The 
synchronization of UWB pulses during coherent detection requires, for instance, 
extremely high timing precision. It has been shown that the bit error rate (BER) of 
coherent UWB receivers are degraded remarkably in the presence of small amounts of 
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jitter [Choi02]. In addition, the correlation process requires that the shape of the 
pulses generated in the receiver match to that of the received ones. However the 
transmitted pulses suffer from distortion due to the effect of matching, frequency 
response of the antennas, LNA, and also the channel. Therefore, coherent detection 
receivers that rely on the correlation of the received pulses and a local template 
demand complex implementations. 

One possible solution to these problems is to use a non-coherent receiver as 
described in [Oh05]. A non-coherent receiver requires neither pulse synchronization 
nor estimation of the shape of incoming pulses. Instead, it recovers the energy of 
pulses during a symbol time and compares it to the noise level in order to determine 
the presence or absence of a symbol. The main drawback of using this kind of 
detector is that the UWB pulses can not be detected when the signal-to-noise ratio 
(SNR) is very low, and hence, it can not make use of the processing gain that spread 
spectrum systems have. Accordingly, a non-coherent impulse receiver will only work 
properly when the SNR is above a threshold which is close to the noise level. Due to 
the very limited power that is allowed in UWB transmitters, this only occurs at very 
short distances. 

Nevertheless, when very short range communication links are required, for 
example in RFID applications, a UWB impulse noncoherent receiver becomes an 
interesting option. In fact, the low power transmission of UWB signals offers an 
attractive solution for RFID tags in which the available power is extremely 
constrained.  

Pulse Generator
Timing Circuit 

LNA AGC
A
D
C

Output Data

BPF
LPFX2

MCM-D substrate
Chip

  
Fig. 2-8 The architecture of the transmitter of UWB RFID 

Here, the design of the front end of a rewritable UWB RFID tag is proposed. 
This tag is implemented on a LCP-based MCM substrate. The IC in the tag is 
designed with 0.18µm CMOS technology. The architecture of the transceiver is shown 
in Fig. 2-8. A wide band antenna, a band-pass filter and a low-pass filter are designed 
on the MCM substrate with embedded passives and surface mounted passives. The 
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transceiver is modulated with on-off keying (OOK). The data rate of the receiver is 10 
Mbps and the chip rate is 100MHz.  

 
Fig. 2-9 Sketch of a Vivaldi antenna on MCM-D substrate 

A Vivaldi antenna is patterned on the MCM substrate. It is a slot type starveling 
wave antenna that is excited by a slot lines as can be seen in Fig. 2-9. The antenna is 
designed by Momentom of ADS. The band pass filter is used to filter out noise 
outside the band at the input and reshape the spectrum of output signals to fit the 
mask defined by FCC. The filter is designed with embedded passives on the MCM 
substrate. This filter is very similar to the one implemented in WLAN front-end.  

Delay line Delay line

Vin
Vin

Vout

  
Fig. 2-10 The schematic of a 1st derivative Gaussian pulse generator 

The transmitter consists of a pulse generator which is controlled by the output 
data (digital signal) and clock. The basic structure of this pulse generator is shown in 
Fig. 2-10. The pulse generator consumes 0.25mW power at the chip rate of 
10M/s[Paper-20]. The receiver is composed of a low noise amplifier, a square law 
device, a low pass filter and an ADC. The received UWB signal is amplified by a 
single-ended feed-back LNA. The schematic of the LNA is shown in Fig. 2-11, which 
is analyzed in [Paper-12]. Then the impulses are fed to an analog multiplier [Panov04]. 
In this stage, the impulses are multiplied by itself which converts the negative part of 
the pulse into positive and boosts the pulses with respect to the noise. The schematic 
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of the analog multiplier is shown in Fig. 2-11. Then, the impulses are demodulated 
using an envelope detector that consists of a low pass filter. This filter removes all 
high frequency components leaving the base band data signal. To minimize the power 
consumption, a forth-order passive LC low passive filter is designed with surface 
mounted passives, which are mounted on the MCM substrate. The cut frequency of 
the filter is 10MHz. The AGC stage secures that the filtered signal is inside specific 
limits before it is digitally converted [Rodri05]. Finally, the signal is digitized by the 
ADC. A one-bit ADC is used in this design. In fact, it is a simple dynamic 
regenerative latch. The latch without pre-amplifier is shown in Fig. 2-13 [Baker98]. 
One advantage of dynamic latches is that they consume no static power. The total 
power consumption of the receiver is 21mW. The LNA consume 14.5mW. If the chip 
rate is decreased, stronger impulses could be used in downlink (Tags receive 
information from the reader.) with the same spectrum density. The output magnitude 
of the analog multiplier is the square of the magnitude of input signal. Hence, the 
receiver could work without LNA. This may reduce the power consumption down to 
7mW. Fig. 2-14 shows the time-domain waveforms at different stages of the receiver.  
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Fig. 2-11 Schematic of the LNA   
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 Fig. 2-12 The Schematic of the analog multiplier 



§2:Advanced Packaging Technologies 

 

21 

Latch Latch

Latch Latch

Vin+ Vin-

Vdd

GND

Q+Q-

M1 M2 M3 M4

M5 M6

M7 M8 M9 M10

M11

M12

M13

M14

 
Fig. 2-13 Regenerative dynamic latch 

 
Fig. 2-14 Simulation results of the waveforms at different stages in time domain 

2.1.3. Wafer Level Package 

A. Introduction to Wafer Level Package 
Wafer level package (WLP) is defined as a complete package of a component at 

the wafer level. The primary application market for WLP technology is low I/O 
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density applications, such as DRAM, Flash, Analog, RF ICs with <100 total I/Os and 
adequate silicon area. WLP, based on low cost wafer bumping technologies, has been 
developed in semiconductor industry for the cost and die size reduction of packaged 
integrated circuits. This technology provides a complete packaging solution with no 
additional processing at the die level either during fabrication or assembly and 
improves die-size packaging by introducing economies of scale to manufacturing 
process. The process flow of WLP is shown in Fig. 2-15.  

With standard IC packaging technology, cost of package has always become a 
greater percentage to the total IC cost as die shrinks. In some cases, the cost of 
individual IC packaging has exceeded the cost of the IC itself. WLP technology can, 
for the first time, maintain the cost of IC packaging as a constant percentage of total 
wafer cost. 

 
Fig. 2-15 The process flow of wafer-level-package. After the standard semiconductor 
process, polymer layers are spin on wafers and interconnects are also patterned. Then, 
solder bumps are made with plating. Finally, the wafers are cut into dies and then the dies 
are mounted on MCM and PCB. 

B. Advantages of WLP 
WLP has the following advantages over traditional package manufacturing 

processes: 
• Low cost: Mass manufacturing of package in wafer form has the potential of 

low cost.  
• Cost decreases with die shrink: As the size of a die shrinks, the number of die 

per wafer increases. Because the cost of processing packages in wafer form is 
essentially fixed, cost per package will decrease. 
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• Smallest form factor: Packages fabricated in wafer form will be die-size. 
• Potential for wafer level test/burn-in: Packages may be tested and burned-in in 

wafer form before dicing. Probe contact on solder bumps is improved 
compared with that on bare aluminum pads. 

• Improved handling: Dies are only handled in package form after singulation. 
C. WLP in RF Applications 

Because of high maturity, high integration level and low cost aspects of CMOS 
technology, frequency limitations of many earlier transistors in these technologies 
have been overcome as IC technology scales. Consequently, more and more silicon 
devices are implemented in RF and microwave applications. However, quality factor 
of conventional on-chip inductors in CMOS process is limited by low resistivity Si 
substrates and thin metal layers. Although Q of off-chip inductors is quite high (>100), 
parasitic effects of interconnects between chips and off-chip inductors degrade 
accuracy of inductance values. Poor controllability of interconnect shape also induces 
large deviations from batch to batch. 

 
Fig. 2-16 A cross-section of WLP with embedded passives.  

Embedded passives in WLP are fabricated on a thick, low-k, low loss dielectric 
layer (such as BCB or silica xerogel instead of SiO2), with wide, thick metal wires, 
when compared with the conventional counterparts---on-chip inductors. Fig. 2-16 
depicts the cross section of a chip packaged with WLP technology, where passives 
(such as inductors, capacitors, and resistors) are embedded in the thick PLD (Package 
Level Dielectric) layer on the top of the chip. With such a process, Q and fres of 
passives could be improved greatly, compared with traditional on-chip passives by 
standard RF CMOS process. Hence, WLP greatly improves the performance of RF 
CMOS and SiGe, and enables them to be implemented more and more widely in 
wireless applications.  
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2.2. System-on-Package 

SoP is a convergent microsystem integrated on an interconnect microboard. It is 
also a platform-based system, including hardware (digital, analog/RF, MEMS) and 
embedded software, based on advanced packaging and assembly technologies.  

2.2.1. MCM versus SoP 

Strictly speaking, SoP is also an MCM, but it is a system-level integrated MCM 
with increased system complexity. In addition, SoP may use more advanced packaging 
technologies than today’s MCM.  

MCM is a definition of a class of process techniques and is not involved in 
advanced design methodology. SoP not only is fabricated with advanced packaging 
technologies but also is designed with novel methodologies. Chips and packaging 
substrates of SoP are co-designed and co-optimized in a total design plan in terms of 
best performance and least cost. It is an optimal solution for the modules. In one 
word, the difference between MCM and SoP is somewhat like that between VLSI and 
SoC.  

2.2.2. SoC versus SoP 

A. SoC and Its Challenges 
SoC can integrate digital, RF, analog and other functions in a single chip. Chip 

designers believe that SoC will be the final destination for system integration [Mori93, 
Man99]. Nowadays, SoC solutions are highly desirable, particularly in low cost wireless 
application.  

Unfortunately, a number of technical hurdles stand in the way of SoC realization: 
• Difficulties of capturing requirements and composing specifications of a mixed 

digital-analog-RF-microwave system in a unified and processable form. 
• Difficulties of integrating noisy digital circuits with RF/analog circuits.  
• Lack of appropriate architectural templates and experience in heterogeneous 

SoC implementations. Whether on-chip wiring (in large ICs) can achieve 
adequate performance is in question. 

• Lack of co-design/test methodologies and tools for mixed-technology design, 
trade-off evaluation, synthesis and verification.  

• Limited model libraries that capture materials-processing, circuit design and 
architectural information for modeling and design.  

• Lack of design and test methodologies and tools for partitioning, floor planning, 
placement, routing and other physical design tasks using soft intellectual 
property cores from reuse libraries.  
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• Limited capabilities for integrating heterogeneous technologies and components 
on the same IC.  

• Mechanical, thermal and manufacturing related problems.  
B. SoC or SoP? 

SoP provides an opportunity to solve these difficulties. SoP can be flexibly 
designed and is also easier to be redesigned versus complex SoC. Hence SoP reduces 
time-to-market. Yield is increased with smaller chips in SoP versus the large chip of 
SoC. Performance is increased and cost is reduced by replacing some poor quality on-
chip passives in SoC with their off-chip counterparts on package board of SoP. SoP 
integrates incompatible technologies together with much less cost, eliminates strong 
substrate coupling with high resistivity package substrate and integrates high 
performance, low cost and low parasitics passives [David01, Tumma99]. SoP does not 
include intellectual property at the component level.  

However, SoP is not a definitely better solution than SoC. It also depends on the 
implemented technologies and applications [Meige02]. How can we find the best 
solution and optimize the solution? In next chapter, our method–“chip-package co-
design” will be presented. It is also noticed that SoC and SoP are not two competing 
technologies. Actually, SoC is a special form of SoP in which the module consists of 
only 1 chip with only on-chip passives.  

2.2.3. Challenge of SoP 

SoP owns numerous advantages over traditional packaging technologies. 
However, this technology has to face some new challenges from both design and 
technical aspects.  
A. Design Challenges 

i. EMI/EMC Problems 
In future SoP products, RF front-ends, analog blocks and high-speed digital 

chips will be integrated in a compact packaging module. Mixed signal consists of high 
amplitude, noisy digital signals and low amplitude, sensitive analog signals. Switching 
current of high speed digital circuits could reach an order of GA/s, while signals of 
analog/RF could be as small as µV and µA. Electromagnetic interference (EMI) and 
electromagnetic compatibility (EMC) in such a compact system will become big issues. 
Even in pure digital systems, maintaining signal integrity has been a great challenge 
due to finer interconnects pitches and higher operating speed.  

ii. Design Tools 
Today, I/Os of chips become the bottleneck of a high speed system. One of the 

reasons is that chips and their packages (e.g. MCM) are always designed separately 
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with different CAD tools and methodologies. It is necessary to design and optimize all 
of the chip and package in a whole design plan. Future CAD tools for SoP should 
have the capability to eliminate the boundary between chip and their package and 
design the whole SoP module as an integral.  
B. Technical Challenges 

i. Low Parasitic and Precise Interconnections 
High speed digital signal covers a wide frequency range, such as 40Gbps signals 

in optical communication systems cover a frequency spectrum up to 100GHz. That is 
to say, in modern digital systems, digital signals have already entered microwave range. 
Therefore, inductive and capacitive parasitics in interconnections could significantly 
degrade the bandwidth of the interconnections. Low parasitic and precise 
interconnection technologies are the basis for such high speed systems.  

ii. Power Dissipation and Thermal Reliability 
With the dimension of chip and package scaling down and clock frequency 

scaling up, electronic products have experienced a dramatic increase in power density. 
The task of dissipating heat from integrated circuits while maintaining acceptable 
junction temperature has been a significant challenge for semiconductor and system 
manufactures.  

iii. High Density Interconnect Substrate 
As the complexity of chips rises, the number of I/O pins rises exponentially 

according to Rent’s rule, which consequently increases wiring demands for system-
level interconnections. On the other hand, the size of substrate or system size shrinks 
when it moves to SoP. In order to provide enough wires for system interconnections 
at a reduced substrate size, interconnect pitch thus have to be reduced.  



 

3. Chip-Package Co-Design 

New applications of wireless technology (e.g. RFID, wireless sensor network, 
multi-band/multi-standard radio, etc.) bring critical requirements to electronic systems, 
like cost, performance, compactness and power consumption. To meet these 
challenges, electronic systems start to be capsulated into SoC and SoP [Zheng03, 
Benai03, Kyuta02]. These trends have been accelerated by deep submicron CMOS 
technologies as well as the emerging technologies of seamless electronic integration 
and packaging. At the semiconductor level, the continuing technology scaling will 
soon allow us to put not only giga-scale transistors on a single chip, but also integrate 
analog/RF and digital circuitry in the same chip, resulting in a mixed signal SoC. At 
the packaging level, elements (passives, chips) are tightly integrated by advanced 
packaging technologies. For example, single level integrated packaging results in 
miniaturized, mixed signal, heterogeneous integrated systems or SoP. To take full 
advantage of the emerging progress of hardware technology, new design 
methodologies for RF system are intensively demanded.  

This chapter gives a complete and systematic analysis approach for chip package 
co design in RF systems. With this approach, chips and their MCM substrates are co-
designed and co-optimized in the same design plan according to performance and cost, 
which might be the most important factors of a product. This design methodology 
meets the gap between chips and packages.  

3.1. Overview of Chip-Package Co-Design 

Chip-package co-design quantitatively predicts performance and cost of SOP and 
SOC. The procedure of chip-package co-design is illustrated in Fig. 3-1. After system 
specification and initial synthesis, performance and cost analysis of a system are made. 
The performance model evaluates various mixed-signal isolation techniques between 
sensitive analog/RF circuits and noisy digital circuits in SOC or SOP. The cost 
analysis includes new factors such as extra chip area and additional process steps for 
mixed-signal isolation, seamless integration of “virtual components” or intellectual 
property (IP) modules, yield and technology compatibility for merging logic, memory 
and analog/RF circuits on a single chip and extra costs for moving passives off chip. 
This step is also called “system partitioning”. Then, performance, cost, robustness and 
yield when different passives (on-chip and off-chip passives) are used in design are 
explored. It provides a complete picture of quantitative tradeoffs for using on-chip or 
off-chip passives. This is called on-chip versus off-chip passives analysis. Finally, the 
cost and performance of each solution are estimated quantitatively and the best 
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solutions are designed and prototyped. The two most important steps of chip-package 
co-design—“system partitioning” and “on-chip vs. off-chip passives tradeoffs” are 
also overviewed in the following sections. 

On-chip versus off-chip
passives tradeoffs

System Specification

Initial Synthesis

System PartitioningPerformance
Estimation &

Cost analysis

Implementation:
Interconnection and

Technology Mapping

Chip design Package Design
Resource and 
Design Library

Prototyping
  

Fig. 3-1 the procedure of chip-package co-design 

3.2. Overview of System Partitioning 

Fig. 3-2 depicts the design flow of system level partitioning, which enables a 
priori cost-performance tradeoff analysis for SOC versus SOP integration [Shen02, 
Zheng04]. The design flow is based on various implementation plans and then set 
mixed-signal performance as constraints for cost computation. Several 
specifications—system diagram, technology, interconnect and packaging are first 
required. The design starts from partitioning plan, in which a preliminary plan is made 
so that a large, complex electronic system is broken into smaller circuit or functional 
blocks. A variety of ways, such as constraint driven, function reuse, the availability of 
die or intellectual property right (IP) module, are used to partition a system. The next 
step is chip area estimation for each individual circuit block that is used in the final 
circuit layout. In this context, some commercial IP modules may offer performance 
characteristics, such as power consumption, gate numbers, possible area and speed for 
a particular chip foundry. For example, in 0.18µm CMOS technology, the area of a 
microprocessor IP core, ARM7TDMI, is 0.53 mm2 [ARM]. So, if we know the area of 
a circuitry block either from the IP vendors or from our early designs, we use 
technology scaling to estimate the area by mapping this circuitry to the target IC 
foundry. However, for many circuitry blocks, such kinds of information may not be 
available. Hence, we estimate these using Rent’s rule based approach [Geusk98], 
[Bakog90]. For analog circuitry, full-custom design expertise is used to estimate the 
circuit area because analog circuits are not scalable with the IC technology as logic 
circuits do. Placement plan is the next step after obtaining the area information for 
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individual circuitry blocks. The placer employed in placement plan is similar to 
simulated annealing based. Because digital and analog/RF circuitries coexist in an 
integrated mixed-signal system, noise isolation between noisy digital circuitry and 
sensitive analog/RF circuitry must be calculated to ensure the demanded mixed-signal 
performance. If the isolation constraint is satisfied for such an implementation plan, 
cost models are used to calculate the total implementation costs. After using all 
possible isolation techniques, we go back to another partitioning plan and placement 
plan, and then repeat the same calculation. After all partitions and placement plans are 
generated, the minimum cost is chosen.   

 
Fig. 3-2 the procedure of system partitioning 
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3.3. Overview of Trade-off Analysis of Passives 

To find the best solution for a RF block in SoP/SoC, it is necessary to analyze all 
possible solutions of the circuit with trade-off analysis for the passives, such as 
inductors and capacitors. Typical quality factor of inductors embedded in packaging 
board is about 20-100, while that of their on-chip counterparts on Si substrate is only 
2-10. In addition, on-chip inductors always occupy large chip estate and their sizes 
don’t scale down with technology. Cost of on-chip passives becomes higher and 
higher. Therefore, replacing on-chip passives with off-chip ones may significantly 
improve RF performance and reduce the total implementation cost. However, an 
argument is that, when those passives stay off chip, parasitics from packaging interface 
(such as bonding wires, I/O pad) will be introduced, which may on the contrary 
degrade performance. Extra I/O pads to connect chips and passives also counteract 
the effort to reduce chip size. This is particularly true for small chips where chip size is 
dominated by I/O pads. In addition to these, most packaging technologies present 
larger process variations than IC technologies, which consequently cause variation of 
the circuits’ responses and degradation of robustness. If the variation exceeds a certain 
threshold, these components cannot be used. Thus, the overall yield is reduced and 
the product costs are increased.  

Components modeling

Design of Architecture & Schematic

Performance analysis with on-chip 
versus off-chip trade-off

Performance
satisfied?

Cost analysis including statistical 
analysis and robustness analysis

Cost 
satisfied?

Implementation

Robustness enhancement

Yes

Yes

No

No

 
Fig. 3-3 Flowchart of on-chip versus off-chip analysis procedure 
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With the above considerations, it is a large amount of work to find the best 
solution, if each possible on-chip versus off-chip passives solution is designed and 
simulated. For example, in a circuit with N passive components, there will be 2N 
possible solutions. Although some of the solutions could be excluded by design 
experience, the amount of work is still very large. Therefore, it is necessary to perform 
an early analysis through on-chip versus off-chip passives analysis to find the best 
solution, and then detailed simulations are performed.  

The early analysis includes performance analysis and cost analysis. Analytical 
performance analysis is to obtain quantitative overall performance of each solution, 
which consists of passives/package modeling and theoretical analysis. In cost analysis, 
area of chip/package and yield is estimated. Then, cost of each solution could be 
calculated. After the early analysis, a solution with the highest performance/cost ratio 
is found and then implemented in design. Fig. 3-3 illustrates the whole procedure of 
on-chip versus off-chip passives analysis.  

 
This chapter gives the overview of chip-package co-design and its important 

steps—“system partitioning” and “on-chip vs. off-chip passive tradeoff analysis”. As 
the limitation of the space, this thesis will not cover all the details of chip-package co-
design and will only focus on “on-chip vs. off-chip passives tradeoff analysis”. In the 
following chapters, each step of the analysis is discussed in detail. 





 

4. On-chip Vs. Off-chip PassivesTrade-offs 

As discussed in Chapter 3, on-chip vs. off-chip passives trade-offs is one of the 
important steps in chip-package co-design after system partitioning. This chapter will 
show how to make an optimized design of RF blocks in SoP/SoC.  

4.1. Performance Analysis 

Performance analysis is to estimate the overall performance of each solution 
quantitatively with analytical method. It consists of modeling of passives and 
extraction of parasitics from package, and theoretical analysis of circuits.  

4.1.1. Modeling of Passives and Package Parasitics 

Models of on-chip transistors and passives are always provided by vendors, while 
models of off-chip passives and package parasitics sometimes have to be developed by 
designers themselves, especially those off-chip passives.  
A. Modeling of Off-Chip Passives 

PBM (physics based models) is chosen to model off-chip passives in this work. 
Equivalent circuits of passive components are modeled with their geometry 
parameters (such as the width and pitch of wires), process parameters (such as the 
thickness of interlayer dielectrics and conductor) and material parameters (such as 
dielectric constant, resistivity of conductor). Then a library of the components is built 
up. Fig. 4-1 depicts the models of some passives. As an example, the equivalent circuit 
of a spiral inductor in MCM substrates can be modeled as [Grove46]: 
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     Eq. 4-4 
where, l is the length of the wire, w is the width of the wire, δ is the skin depth of 

the metal, ρ is the resistivity of the metal. n is the number of overlaps between the 
inductor and its underpass. εdie is the permittivity of the dielectric layer between the 
metal layers and tdie is the thickness of the dielectric layer.  
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(a)

(b) 

(c)
 

Fig. 4-1 Sketches and equivalent circuits of passives embedded in packaging board. (a) 
spiral inductor, (b) parallel plate capacitor, (c) thin film resistor 

B. Modeling of Packaging Parasitics 
Packaging parasitics always influence the responses of circuit significantly, 

especially in RF and high-speed digital circuits [Qi98, Xing98]. In the design of high 
frequency/high speed SoP, parasitics of package must be taken into account.  

Wire bonding and solder bonding are two of the most popular chip bonding 
techniques. HFSS model of bonding wire and solder bump are shown in Fig. 4-2 (a) 
and (b), respectively.  

 

(a) (b) 
(c) 

 
Fig. 4-2 Sketches of (a) bonding wire and (b) solder bump, and (c) their equivalent circuit 
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• Bonding wire 
Because of their convenient fabrication process, bonding wires are implemented 

widely. At first, bonding wires are simulated with a 3D EM (electro-magnetic) 
simulator--HFSS, and then PBM are extracted in terms of the heights and lengths of 
bonding wires. The equivalent circuit of bonding wires and bonding pads are modeled 
as the circuit shown in Fig. 4-2 (c) in terms of the heights, lengths, diameters of 
bonding wires and the sizes of bonding pads. Simply, parasitic inductance of a 
bonding wire could be roughly estimated as 1nH/mm. 

• Solder bump 
Solder bumps are preferred in RF and high-speed digital systems because of their 

weak parasitics. Electrical responses of solder bumps are also simulated with HFSS, 
and then PBM are extracted in terms of the diameters of solder bumps. The 
equivalent circuit of solder bumps is similar to that of bonding wires. The parameters 
in the equivalent circuit are the function of solder bumps sizes.  

4.1.2. Theoretical Analysis of Performance 

To analyze the trade-offs of on-chip versus off-chip passives theoretically, overall 
performance of a circuit should be expressed as a function of its performance metrics, 
such as gain, noise, etc.:  

...),,,,( nconsumptiopowerlinearitygainnoiseFePerformanc =    Eq. 4-5 
FoM (Figure of Merit) is used to describe the overall performance [ITRS]. The 

following equations define FoMs of LNA (Low noise amplifier), VCO (voltage 
controlled oscillator), PA (power amplifier) and ADC (Analog-to-Digital Converter): 
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where 
 G: power gain; 
IIP3:  the input referenced third order interception point; 
  f: the operating frequency, 
NF: noise factor 
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  fo: the oscillator frequency of VCO, 
 L(∆f): the phase noise power spectral density at offset frequency ∆f  from fo, 
 P: the total power consumption, 
 Pout:     the output power of power amplifier, 
PAE:    power-added-efficiency, 
ERBW:  effective resolution bandwidth, 
fsample:  sample rate, 
ENOB0: effective number of bits of ADC. 
 
These formulas are general standards of the over all performance of various 

circuits. In some special applications, custom functions of the overall performance 
could be used.  

In the second step, performance metrics of each solution are derived and 
calculated through circuit theories. Parasitics of package must be included in analysis. 
Then, FoMs of each solution are obtained.   

4.2. Cost Analysis 

Cost analysis is to estimate the cost of each solution. Together with the results of 
performance analysis, the best solution of a SoP module will be found. The cost of a 
chip mainly attributes to its size, fabrication process, yield, wafer size, package and 
testing cost. The total cost of a chip is given as: 
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which does not include the package for chips. The cost of a SoP module is given 
as: 
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where  
Cwafer::  the cost of processed wafer, it is a function of raw substrate, fabrication 

process type, and mask layers; 
Ndie : the number of chips per wafer, it is a function of wafer area and die area;   
Cassembly :the cost of chip assembly;  
Csubstrate :the substrate cost per module;  
Crework :  the cost of rework;   
N :  the number of chips in the SoP,  
Yd, Ys, and Ya: the yield of die, substrate, and assembly, respectively;  
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YR :  the yield caused by the distribution of outcomes. 
 
As for chip yield—Yd, we used the model from [Georg96] : 
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     Eq. 4-12 
where 0D  is the average density of electric defects, N is the number of mask 

layers in fabrication process, and A is the area of chip. S is the shape factor of (what is 
assumed to be) the Gamma distribution of electrical defect density.  

The values of each cost element are estimated in the following ways. 

4.2.1. Cost of Module Rework 

It should be noticed that SoP may provide some rework capability. If one rework 
cycle is taken, the yield of assembly can be improved from Ya to Ya’, where 

2, 2 aaa YYY −= . 

4.2.2. Variation of Chip Area  

Assuming the original chip area Adie, the total number of I/Os of a chip NIO, the 
core area of circuits on a chip Acir. After moving passives off chip, the new number of 
I/Os and the circuit area become 

∑ −−+= CTETPTIOIO NNNNN 2'     Eq. 4-13 
∑−= ocpcircir AAA '      Eq. 4-14 

where NPT is the number of terminals in each passive component (e.g. 2 for a 
two-terminal inductor), NET is the total number of external terminals through which 
these passives connect to external circuits, and NCT is the total number of terminals 
through which these passives connect to each other internally.  

Assuming the pitch of I/O is PIO, the new chip area (Adie’) can therefore be 
calculated by the following way: 

If I/Os of the chip are peripherally distributed and the chip area is circuit limited, 
i.e. 

IOcirIO PAN '4' ≤ , we have 
2)2'(' IOcirdie PAA +=      Eq. 4-15 

If I/Os of the chip are peripherally distributed and the chip area is I/O limited, 
i.e. IOcirIO PAN '4' > , we have 

2)4'(' IOIOdie PNA ×=      Eq. 4-16 
If I/Os of the chip are area-array distributed and the chip area is circuit limited, 

i.e. 2'' IOcirIO PAN ≤ , we have 
'' cirdie AA =      Eq. 4-17 
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If I/Os of the chip are area-array distributed and the chip area is I/O limited, i.e. 
2'' IOcirIO PAN > , we have 

2'' IOIOdie PNA ×=      Eq. 4-18 

4.2.3. New Cost of Packaging 

The extra cost of packaging caused by moving passives off chip is measured by 
package substrate area, which is given by  

'dieofppkg AAA +=∆ ∑      Eq. 4-19 
where ∆Apkg is the variation of package area, Aofp is the total area of these off-

chip passives.  

4.2.4. Testing Cost 

Testing cost model from [Pynn97] is used in this work. This cost model accounts 
for the amortized cost of equipment, hardware and software maintenance, tooling 
(test fixture and program), as well as burdened labor rates.  
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   Eq. 4-20 
where  
Cequipment  the cost of equipment, 
Coverhead  overhead expense, 
Cb  burdened labor per hour, 
Ntester  the number of testers, 
Nboard  the number of total boards tested per hour. 

4.2.5. Impact of Process Variation on Product Yield 

The variations of geometrical, material and process related parameter values 
during manufacturing introduce complex distributions of device responses and 
correlations between those responses. Monte Carlo method [Paper-8] is always used 
to solve this kind of problems. By defining a performance window (the allowable 
variation range of performance metrics), a final yield YR due to process variation is 
obtained. As a result, this increases the total product cost by a ratio of 1/YR. However, 
this method is difficult to be implemented in early analysis. Detailed Monte Carlo 
analysis is implemented after schematic design, which will be discussed in the next 
section. 



 

5. Chip-Package Co-Design of Radio Module 

The methodology for on-chip versus off-chip analysis has been demonstrated in 
previous sections. In this chapter, this methodology is implemented to analyze four 
design examples of multi-band/multi-standard radio with various technologies and 
various topologies.  

5.1. Multi-Band/Multi-Standard Radio Front-End Architectures 

In this section, some architectures of multi-band radio are introduced. Some 
design examples based on the architectures are discussed. 

5.1.1. Parallel Multi-Band Receiver 

Fig. 5-1 illustrates a conceptual example [Fong99], where two heterodyne 
receivers translate the input bands to a common intermediate frequency (IF), with the 
signal paths merged after channel selection is performed. Sharing the analog to digital 
converter and the digital signal processor between the bands, this architecture 
nonetheless requires a large number of external, costly components as well as driving 
and sensing compliance with standard impedance levels. In addition, tradeoffs 
between image rejection and channel selection often mandate a second 
downconversion mixing in each path, further increasing the complexity.  

 
Fig. 5-1 Parallel Multi-band Receiver 

5.1.2. Digitally Programmable Multi-Band Receiver 

A block diagram of digitally programmable receiver [Ryyna01] is shown in Fig. 
5-2. It has two separated inputs, one input for each standard. With exception of the 
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input transistor and matching inductors of the LNA, all on-chip devices are utilized in 
both modes. The RF front-end requires a single LO port because one mode is selected 
to be operational at a time by the digital control circuits. Each standard at different 
frequency band would require its own filter structure, thus leading to parallel filters 
and very complicated interface design. A fully differential signal path could also be 
used throughout the front-end to reduce the effect of common-mode distortion and 
noise. However, it would double the power consumption of the LNA, increase the 
chip area, and require a balun in front of the LNA, thus increasing the loss between 
the antenna and the receiver. The front-end has a tunable gain to relax the baseband 
linearity and gain control requirements. The gain control is divided between the mixer 
and the LNA. 

S
w

itchplexer
Digital Control signals

Multi-band Antenna

 
Fig. 5-2 Digitally Programmable Receiver 

5.1.3. Concurrent Multi-Band Receiver 

Fig. 5-3 shows a simplified block diagram of a concurrent multi-band 
receiver[Hashe02]. The frequency of the first LO that appears after the LNA and 
performs the first down conversion determines the image frequency ( ies) and plays an 
important role in the performance of the system. An alternative approach that does 
not suffer from the above problem and, in fact, significantly improves the image-
rejection is to use an offset LO as shown in Fig. 5-4. The LO frequency is offset from 
the midpoint of the two bands of interest (fA and fB) in such a way that the image of 
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the first band at falls at fA the notch of the front-end transfer function at fIA. The 
attenuation at fIA is determined by the compounded attenuation of the dual-band 
antenna, filter, and LNA. Similarly, the image of the second band at fB will fall outside 
the pass-band of the front-end at fIB and will be attenuated, accordingly. Using a 
quadrature first LO makes the stage fit to act as the first half of any single-sideband 
image-reject architecture, such as that proposed by Weaver [Weave56]. Since the 
receiver has to demodulate two bands concurrently and independently, two separate 
paths must be used eventually. Each path comprises the second half of the image 
reject architecture, as shown in Fig. 5-3, which provides further image rejection (Fig. 
5-4). This architecture eliminates an extra antenna, a front-end filter, an LNA, and a 
pair of high-frequency mixers, which in turn results in power, footprint, and area 
savings. At the same time, large image rejection in excess of that of the single-
sideband receiver is achieved through diligent frequency planning and proper usage of 
stop-band attenuation.   

 
Fig. 5-3 Concurrent Multi-band Receiver 

 
Fig. 5-4 Frequency-domain signal evolution in the concurrent dual-band receiver. 
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5.2. Design of a Single Band LNA 

This LNA works in parallel receivers of multi-band radios. This LNA is a 
common emitter low noise amplifier. Schematics and equivalent circuits of the LNA 
are shown in Fig. 5-5. 

5.2.1. Performance Analysis 

A. Theoretical Analysis of LNA with On-chip Passives  
The schematic and equivalent circuit of the LNA with on-chip passives are 

shown in Fig. 5-5(a). Input impedance of the LNA— Zin is given as: 
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     Eq. 5-1 
where Le is the emitter inductance. Lb is the base inductance. Rlb and Rle are the 

resistances of Lb and Le, and are modeled as: indblb QLR ω=  and indele QLR ω= , 
respectively. Qind is the quality factor of inductors. This is valid for narrow band 
analysis. rb is the base resistance of the transistor Q1. re is the emitter resistance of Q1, 
gm is the transconductance of Q1. Cπ is the base-emitter capacitance of Q1.  

At the working frequency
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where Rs is the source impedance. 
At ω0 , transconductance of the LNA is given as: 
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(b)  
Fig. 5-5 The schematic and equivalent circuits of LNA (a)with on-chip passives  and (b) 
with off-chip passives. 

At the output port, 
µω CLd 2

0

1= , where Cµ is the collector-base capacitance of 

the transistor Q2. At the working frequency, the impedance of the LC tank at output 
port is: 
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1 , where Qind is the quality factor of Ld, Qµ is the quality factor 

of Cµ. 
When both input and output ports are matched at ω0, Zin=Rs, Zout=RL, 

transducer gain of the LNA is expressed as: 
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where PL is the power transported to the load, Pavs is the available power from 
the source.  

If the noise contributions of the cascode transistors Q2 are neglected and perfect 
input-impedance matching is assumed, the noise figure of the LNA is calculated as: 
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where β0 is the DC current gain of Q1.   
B. Theoretical Analysis of LNA with Off-chip Passives 

Based on the analysis of the packaged LNA in [Sivon03], loss of package is 
appended in the analysis of LNA with only off-chip passives. The equivalent circuit of 
the LNA is shown in Fig. 5-5 (b). The packaging parasitics are modeled with Cp and 
Lbond. In the following analysis, Lbond is absorbed in off-chip inductors. Q of off-chip 
passives is implemented in the following equations instead of that of on-chip passives.  

The input impedance of the LNA is: 
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To match the input port, the base inductance varies from Lb to Lb’ 

kLL bb =′      Eq. 5-7 
The transconductance of the LNA with off-chip passives is Gm’ 
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Capacitance and its quality factor at the output port are: 
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Hence, the output impedance is obtained: 

′+

′

+
=′

CL

CL

pad
out

QQ

QQ
CC

Z
)(

1

0 µω     Eq. 5-11 
If the output port is matched, Zout’=RL’, the transducer gain of the LNA is 

sLm

L

Load

s

s

avs

L
T RRG

R
V

R
V

P
P

G ′′=

′

==′ 2
4
1

2

2

4

4

    Eq. 5-12 
Including the contribution from lossy pads, Noise figure of the LNA with off-

chip passives is given as: 
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where 
)(2
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πCCLGGRR
k

ppp
k

++′+′
=′′ , 

lbs RRR +=′  

When loss from package is neglected, the results fit with those in [Sivon03] very 
well.  
C. Results Analysis of Each Solution  

With these formulas, the gain, noise figure and FoM of all solutions of an LNA 
with on-chip or off-chip passives are analyzed. This LNA is designed for a 5GHz 
wireless LNA. The circuits are implemented with 0.5µm SiGe BiCMOS technology. 
The analyzed results of all solutions are shown in Tab. 5-1. IIP3 is not included in the 
calculation of FoM. It is clear that the LNA with all passives off chip has the best 
performance. 

With these equations, we also analyze the influence of packaging parasitics on 
power gain and noise of common emitter LNA with all passives off chip. Cpad vs. Gain 
and NF are analyzed with various transistor sizes. The results are shown in Fig. 5-6 (a) 
and (b). When Cpad increases, input impedance is reduced. Le has to be increased to 
match the source. If Cpad is large, the input port becomes very difficult to be matched 
with the source. At the same time, gain is also degenerated by the increase of Le. It is 
also found that when Cpad increases, emitter area of the transistor should be reduced to 
achieve the minimum NF.  

Tab. 5-1 Performance metrics and FoM of LNAs with each solutions.(“on” means on-
chip,“off” means off-chip) 

Lb Le Ld NF(dB) GT(dB) FoM 
On On On 2.2 16.2 1 
On On Off 2.2 19.2 2.0 
On Off On 1.77 17.2 1.65 
On Off Off 1.76 20.2 3.32 
Off On On 1.89 17.5 1.83 
Off On Off 1.89 20.5 3.25 
Off Off On 1.47 18.6 2.85 
Off Off Off 1.47 21.6 5.68 

 
Generally, I/O pads are always high quality. Q of a pad could be higher than 100. 

In most cases, I/Os of IC are protected with ESD. ESD always has large parasitic 
capacitance and high loss. ESD always degrades the performance of RF ICs 
significantly. Here the influence of lossy ESD on LNA is analyzed. In this analysis, the 
capacitance of I/O pads and ESD are combined and expressed as Cpad. The quality 
factor of ESD and I/O pads is characterized with Qpad. Qpad vs. The gain and NF are 
shown in Fig. 5-7 (a) and (b). Obviously, when Qpad is improved, the gain of the LNA 
is increased and NF is reduced. It is also shown that when Qpad is high enough (higher 
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than Q of off-chip passives, which are 20 in this analysis), the improvement of Gain 
and NF is not significant any more. Therefore, to minimize the harmful parasitics 
from ESD and I/O pads, their Q should be improved to the same level of off-chip 
passives. 

(a) (b)  
Fig. 5-6(a) Cpad vs. Gain and (b) Cpad vs. noise figure with various emitter areas in the 
LNA with all passives off chip 

(a) (b)  
Fig. 5-7(a) Qpad vs. Gain and (b) Qpad vs. Gain with various Cpad in the LNA will all 
passives off chip 

5.2.2. Case Study of Cost Analysis 

Cost of each solution is analyzed using Eq.(24). Process and cost parameters for 
the analysis are shown in Tab. 5-2. It should be mentioned that these parameters can 
be different from one user to another, depending on technologies and supplies they 
have chosen. They have no more meanings than that the parameters are for 
demonstrating the above models and methods. With these parameters, the cost of the 
LNA analyzed in previous section is calculated. Estimated area of chip /package, cost 
and relative performance-cost ratio are obtained and shown in Tab. 5-1. In this cost 
estimation, Ctest is not included. YR can only be obtained after design of schematic.  
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Tab. 5-2 Parameters used for cost analysis in the LNA design 

 

 

Parameters Value 

GaAs PHEMT   
GaAs  technology 0.15µm 

Defect density ( /mm2) 0.0025 
Shape factor 0.6 

GaAs PHEMT mask layer 15 
Wafer diameter 150mm 

Cost of GaAs wafer $80000 
  

SiGe Technology:   
SiGe technology (BiCMOS) 0.5µm 

MCM-L cost per unit area (per lay) $0.47 /cm2 
Total SiGe RF  mask layers  20 

Mask price for SiGe Technology $500 
Process cost per mask layer $1000 

Cost of processed wafer of SiGe $16000 
Defect density(/mm2) 0.002 

  
MCM-D and packaging cost  
MCM-D cost per unit area  $3.0 /cm2 
Cost of assembly per pin $0.01 

Cost of rework $1 
Yield of substrate production 0.98 

Yield of assembly 0.97 
MCM-D number of  interconnection layers(ew) 2 

MCM-D interconnection pitch(Pw) 20µm 
Wire bond  length 1mm 

Cost of wafer bumping /wafer $200 
Area array pad  pitch (Pa )  200µm 

Area array pad diameter (Da) 100µm 
yield of robustness ( MCM-L  MCM-D  ) 0.976   
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Tab. 5-3 Estimated area of chip/package, cost, and relative FoM/cost ratio of LNAs with 
each solution 

 

5.2.3. Circuit Design and Implementation 

After the previous analysis, overall performance and cost for each solution have 
been estimated. Thus, the best solution is chosen and the final schematic and layout of 
the module is designed. Then, based on process variations, YR is obtained through 
Monte Carlo method. Finally, cost of the circuit is analyzed precisely with measured 
chip/package area and YR.  

In the case study, it is clear that the LNA with only off-chip passives (off-chip 
solution) has the best performance/cost ratio. To demonstrate the analysis results, this 
solution and another solution with only on-chip passives (single-chip solution) are 
implemented.  
A. Design of LNAs  

On chip parts

0.62mm

0.58mm

Off chip parts

inductor

inductor

capacitor

Outline of the chip

0.38mm

3mm

2.4mm

0.59mm

(a) (b)  
Fig. 5-8 Layout and photographs of LNAs (a)with single chip solution, (b)with off-chips 
solution  

Area(mm2) Lb Le Ld 
chip package

Npad Cost 
Cost
FoM

 
On On On 0.33 0.36 4 1 1 
On On Off 0.21 1.44 4 0.89 2.25 
On Off On 0.33 0.52 5 1.07 1.54 
On Off Off 0.21 1.58 5 0.98 3.39 
Off On On 0.21 1.46 4 0.89 2.06 
Off On Off 0.16 2.6 4 1.09 2.98 
Off Off On 0.21 1.58 4 0.97 2.94 
Off Off Off 0.16 2.7 4 1.17 4.86 
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The CAD tools we use are Agilent-ADS and Cadence. Agilent-ADS is a powerful 
tool for microwave system design. Particularly, it has the ability to simulate RF 
response of package level circuit with momentum method. In addition, this tool is 
very suitable to design of off-chip passives and packaging boards. However, Agilent-
ADS is not supported by many IC foundries. Cadence is a powerful tool for IC design 
and is well supported by most IC foundries. However, Cadence cannot model passives 
with EM simulation. Therefore, we combine the two CAD tools together to design 
RF SoP modules. Cadence is used to design on-chip circuit. Agilent-ADS is used to 
design off-chip components and packaging boards. The on-chip circuit is considered 
as a component in the whole circuit. Layout and photograph of the LNAs are shown 
in Fig. 5-8. The simulation results are shown in Fig. 5-9. Main results and FoM of 
both LNAs are list in Tab. 5-4. The simulation results fit the calculation results very 
well. The relative FoM of off-chip solution is much larger that one in early estimation. 
This is because IIP3 is not included in the early estimation. 
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Fig. 5-9 Gain and Noise Figure of LNAs with all passives on-chip and off-chip 

Tab. 5-4 Performance metrics of LNAs with single chip solution and off-chip solution. 

 Gain(dB) NF(dB) Power(mW) FOM 
On 15.6 2.98 11.25 1 
Off 22.8 2.21 11.25 7.8 

B. Post-Design Cost Analysis of LNAs 
YR is obtained through Monte Carlo simulation. Process variation parameters are 

shown in Tab. 5-5. The performance window of gain of the LNAs is defined as 
Gainmax-1<Gain<Gainmax+1 dB, where Gainmax of LNA with off-chip solution and 
single-chip solution are 22.8dB and 15.6dB, respectively.  

The area of the chip and package is measured from the layout directly. For other 
parameters, we still use those in Tab. 5-2. Finally, costs of these two solutions are 
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obtained. The cost and performance of the two solutions are presented in Tab. 5-6. 
Cost analysis results show that the off-chip solution costs 2% more than the single-
chip solution. This is because in simple circuits, the bonding pads for off-chip passives 
occupy relatively large chip real estate. For example, in single-chip solution, pads 
occupy 50% area of the whole chip, while in the off-chip solution, pads occupy over 
90% area of the chip. Consequently, the total implementation costs, which include 
chip and package, are high. In more complex circuits, both cost and performance 
benefit could be achieved [Duo04]. The results indicate that small RF chips should be 
merged as a larger one and the integration density of each RF chip should be 
reasonably high enough.   

Tab. 5-5 Process variation parameters of on-chip and off-chip passives used in Monte 
Carlo analysis 

 
The mean values and the estimated deviation of the parameters of the 

technologies. The data are shown as: mean value (deviation) 

Tab. 5-6 Summaries of cost-performance analysis for the LNA design 

 

 Off-chip 
Mean value(deviation)

On-chip 
Mean value(deviation) 

Conductor   
Width(µm) 50(0.5) 10 (0.1) 
Space(µm) 30(0.5) 3 (0.1) 

Thickness(µm) 3 (0.2) 2 (0.05) 
Conductivity(1/Ωm) 4.5×107 3.5×107 

Dielectric   
Thickness(µm)∗ 2.5(1.25) 2(0.05) 

Permittivity 2.6(0.05) 4.1(0.1) 

 Off-chip solution Single-chip solution 

Package 1 mm2 0.4 mm2 Area (mm2) 

Chip 0.22 mm2 0.37 mm2 

YR 0.93 0.97 

Relative cost 1.02 1 

Relative FoM 35.6 1 
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5.3. Design of a Concurrent Multi-Band LNA  

Concurrent multi-band LNA allows the circuit operating simultaneously at 
various bands and standards. The schematic of a concurrent multi-band LNA, which 
works at 2.4GHz and 5.8GHz, is shown in Fig. 5-10. The input matching network is 
designed to match 50Ω at both 2.4GHz and 5.8GHz. The LC tank at the output port 
is designed to exhibit high impedance only at these two frequencies, so that high gain 
is obtained at the desired frequency bands.  

This LNA is implemented using 0.15µm GaAs PHEMT. The layout of the on-
chip and off-chip solution is shown in Fig. 5-12 and Fig. 5-13, respectively. In off-chip 
solution, the area of the chip is 0.5mm2. The area of the packaging board is 2.7mm2. 
At the working frequencies (2.4GHz and 5.8GHz), gains are 12.2dB and 15.3dB, 
respectively. Noise figures are 0.53dB and 2.43dB, respectively. In on-chip solution, 
the chip area is 0.83mm2. At the working frequencies (2.4GHz and 5.8GHz), gains are 
11.8dB and 17.1dB, respectively. Noise figures are 1.78dB and 1.02dB, respectively. 
The Noise figure and gain of both solutions are plotted in Fig. 5-11.  

The performances of the circuits in both solutions are similar, for the quality 
factor of on-chip inductor on GaAs substrate is as high as that of off-chip inductor on 
MCM-D substrate. The on-chip passives in this design occupy quite large chip area. 
When the passives are moved off chip, chip area decreases from 1mm2 to 0.5mm2. 
The cost of the MCM-D substrate is much lower than that of GaAs substrate. 
Estimated total cost for the off-chip solution is only 56% of that for the single chip 
solution. The results of cost-performance analysis of both solutions are summarized in 
Tab. 5-7.  

Vbias

Input

Output

Vdd

 
Fig. 5-10 Schematic of a concurrent multi-band LNA 
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Fig. 5-11 Gain and Noise figure of the concurrent LNA designed with on-chip passives 
and off-chip passives, respectively 

940µm

880µm

 
Fig. 5-12 Layout of the concurrent LNA designed with on-chip passives 
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2.9mm

2mm

Footprint of PHEMT

 
Fig. 5-13 Layout of the concurrent LNA designed with off-chip passives 

Tab. 5-7 Summary of cost and performance of the concurrent multi-band LNA with 
different solutions. 

5.4. Design of a Digitally Programmable Multi-Band LNA  

A digitally programmable multi-band LNA is a switching circuit that select 
among applications in different radio frequency bands. The schematic of a switch 
controlled multi-band LNA is shown in Fig. 5-14. The output matching network is 
controlled by bipolar transistors, which could give the best gain at 2.4GHz and 
5.2GHz, respectively. The input matching network is fixed, which is a compromised 
design for both of the operating frequencies. This is because switches and extra 
passives at the sensitive input port could introduce very high noise.  

The LNA is implemented with 0.5µm SiGe BiCMOS. Photograph of the chip 
for the single chip solution is shown in Fig. 5-15. The chip area is about 1.1mm2(area 
occupied by test structures on the chip is excluded.). Simulation results of both 
solutions are shown in Fig. 5-16. With on chip solution, when the LNA works at 
2.4GHz, noise figure and gain are 2.65dB and 17.2dB, respectively. When the LNA 
works at 5.2 GHz, NF and gain is 3.4dB and 16.5dB, respectively. With off chip 

Solutions Off-chip solution Single chip solution 

package 2.7mm2 1mm2 Area (mm2) 
chip 0.5mm2 1mm2 

Final Yield 87.8% 97% 
Relative cost 0.55 1 
Relative FoM 1 1 
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solution, when the LNA works at 2.4GHz, noise figure and gain are 1.52dB and 
21.5dB, respectively. When the LNA works at 5.2 GHz, NF and gain is 2.23dB and 
17.6dB, respectively. All the simulation results are shown in Fig. 5-17. While all 
passives stay off chip, 12 pads are needed, totally. The chip area is 0.48 mm2, which is 
dominated by I/O pads. This area is about 45% of that for the single chip solution. 
The area of the package module is 8.38mm2. The cost-performance analysis results of 
both solutions are summarized in Tab. 5-8. It is clear that the off-chip solution shows 
better performance and less cost. Compared with the single band LNA, we found this 
circuit has more cost benefits. This is because, in this case, the on-chip passives are 
larger than the extra I/O pads needed, where passives occupy more chip real estate. 
As a result, moving passives off chip in larger chips has more cost savings.  

Vdd

Switch_2Switch_2

Switch_1

Vbias Vbias

In+ In-

Output+ Output-

 
Fig. 5-14 Schematic of a digitally programmable LNA  

1.25mm

1mm

 
Fig. 5-15 Layout of the digitally programmable LNA designed with on-chip passives 
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3380µm

3880µm

 
Fig. 5-16 Layout of the digitally programmable LNA designed with off-chip passives 
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Fig. 5-17 Gain and Noise figure of the digitally programmable multi-band LNA designed 
with on-chip/off-chip solution when works at different mode 

Tab. 5-8 Summary of cost and performance of the switch controlled multi-band LNA 
with different solutions. 

 

Solutions Off-chip solution Single chip solution 
package 6mm2 1.1mm2 Area 

(mm2) chip 0.5mm2 1.1mm2 
Final Yield 90.8% 95% 

Relative cost 0.56 1 
Relative FoM 2.04 1 
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5.5. Design of a Wide Band LNA 

By designing an appropriate multi-band passive filter, a wideband LNA can be 
configured flexibly as a multi-band LNA that works concurrently across different 
bands. Here, we have taken 2.4GHz (Bluetooth radio) and 5.2GHz (WLAN) as an 
example. Topologies of the wide band LNA and filter are shown in Fig. 5-18 and Fig. 
5-19, respectively. A wide band LNA, which works from DC to 13GHz, is designed. 
This LNA is also designed using 0.15　m GaAs PHEMT. Layout of the off-chip 
solution is shown in Fig. 5-20. The area of chip and packaging board is 1mm2 and 
23.1mm2, respectively. Noise figure and S21 of this design are shown in Fig. 5-21. 
The gains on the 2.4 GHz and 5.2 GHz channels are respectively 8.3 dB and 8.9 dB. 
Noise figures are 5.6 dB and 4.8 dB, respectively. The layout of the on-chip solution is 
shown in Fig. 5-22. The area of chip is 0.89mm2. Noise figure and S21 of this design 
are also shown in Fig. 5-21. The gains in the 2.4 GHz and 5.2 GHz channels are 10.1 
dB and 9.1 dB, respectively. Noise figures are respectively 6.3 dB and 4.4 dB. Due to 
the similar quality factor of on-chip and off-chip passives, FoM of the two solutions is 
very close to each other. The results of cost-performance analysis of both solutions 
are summarized in Tab. 5-9.   

 
Fig. 5-18 schematic of the traveling wave amplifier 

 
Fig. 5-19 schematic of the multi-bandpass filter 
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Fig. 5-20 Layout of the wideband LNA and the multi-bandpass filter designed off-chip 
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Fig. 5-21 Noise figure and gain of the multi-band receiver designed on-chip and off-chip, 
respectively. 
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1290µm

690µm

 
Fig. 5-22 Layout of the wideband LNA and the multi-bandpass filter designed on-chip 

Tab. 5-9 Summary of cost and performance of the multi-band LNA with different 
solutions. 

Solutions  Off-chip solution Single chip solution 
package 23.1mm2 5mm2 Area (mm2) 

chip 1mm2 5mm2 
Final Yield 80% 86% 

Relative cost 19% 1 
Relative FoM 1 1 

 

5.6. Conclusions of Passives Trade-off Analysis 

The design methodology of on-chip versus off-chip passives trade-off analysis 
has been developed and demonstrated. It is an important part of the total solution of 
radio SoP design. Cost-performance analysis goes through the whole procedure of the 
trade-off analysis.  

On-chip versus off-chip passives trade-off analysis is also applied in some more 
design examples with different topologies and technologies. It can be concluded that 
performance of RF modules may often be improved by moving low quality on-chip 
passives (particular inductors) off chip. However, cost benefits are still a question if 
the RF chips are too small. In order to obtain cost benefits in RF-SoPs, it is suggested 
that small RF chips should be merged as a larger chip and the integration density of 
each RF chip should be high enough. Our study indicates that in a complex chip like a 
multi-band radio, moving passives off chip will have further cost savings and 
significant performance improvements. 



 

6. Summary of Papers 

6.1. Introduction to the Attached Papers 

6.1.1.    Modeling of Passives and Parasitics of Package 

A. Paper. 1    
X.Duo, L.R. Zheng, H. Tenhunen, “Modeling and Simulation of Spiral Inductors 

in Wafer Level Packaged RF/Wireless Chips,”, Analog Integrated Circuits and Signal 
Processing, Kluwer Academic, pp. 39-47, vol.34, Jan. 2002 

 
In this paper, embedded rectangular spiral inductors in Wafer-Level Package are 

studied with 3D (three-dimensional) EM (electromagnetic) simulations. Spiral 
inductors with various geometrical and technical parameters are analyzed. It is shown 
that Q (quality factor) and fres (self-resonance frequency) could be improved with thick 
dielectric layers and thick /wide metal wires in WLP. Q of the inductors could reach 
60 at 20GHz, where significant improvement is achieved when compared with their 
conventional on-chip counterparts in RF CMOS process. Through this study, 
guidelines for design and fabrication of passives in WLP are derived. Finally, a method 
to estimate inductance of rectangle spiral inductors is developed. It is used to 
determine approximate geometry parameters of an inductor quickly before detailed 
3D EM verification, which may cost a long time. 

 
Author’s Contributions: The author came up with the idea of detailed method, 

built the EM models of inductors, did most of simulations, developed a method for 
fast estimation of inductance and wrote the manuscript. 

 
B. Paper. 10 

X.Duo, L.R. Zheng, H. Tenhunen, “A Study of Packaging Requirements for 
Multi-Band/Multi-Standard Wireless Chips,” IEEE Proceeding of 20th NORCHIP 
conference, pp. 285-290, Copenhagen, Denmark, Nov. 2002 

 
In this paper, electrical performance of RF/HF packaging for multi-band/multi-

standard radio is analyzed with three-dimensional electromagnetic (3D EM) 
simulations. Two packaging modules—one with bonding wires and another with 
solder bumps, are modeled and analyzed in a wide frequency range up to 60GHz. Our 
study reveals that conventional bonding wires combined with compensation circuit are 
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suitable for application below 20GHz. However, above this frequency, wire length 
and process variation must be controlled very precisely (e.g. with a maximum length 
of ~400-500µm and process variation <15%). We don’t recommend it applied in a 
frequency range of 40GHz-60GHz. Our study also shows that solder bumps could 
improve RF/HF performance and can be safely used in a frequency range from DC to 
60GHz. In addition, roughness of metal strips in packaging module has significant 
influence on RF performance, which should be carefully chosen in packaging design.  

 
Author’s Contributions: The author came up with the idea of detailed method, 

built the EM models of package, did most of simulations, and wrote the manuscript. 
 

C. Paper. 7 
X.Duo, L.R.Zheng, M.Ismail, H.Tenhunen, “Analysis of Lossy Packaging 

Parasitics for Common Emitter LNA in System-on-Package”, 13th Topical Meeting 
on Electrical Performance of Electronic Packaging, pp.75-78, Portland, USA, 
Oct.2004 

 
Advances of VLSI and packaging technologies enable condensed integration of 

an RF system in a single module, known as SoC and SoP. In order to find a better 
solution between SoC and SoP for RF systems and their sub-systems, it is needed to 
predict and estimate performance of each solution. In this paper, analytical equations 
for noise figure and gain of inductively degenerated common-emitter low-noise 
amplifiers in SoP/SoC are deduced as functions of passives and packaging parasitics. 
They hence enable designers to evaluate overall performance of each solution 
quantitatively. Influence of lossy packaging parasitics on LNA is also analyzed. 

 
Author’s Contributions: The author came up with the idea, built the models of 

LNA with lossy package, did most of simulations and wrote the manuscript.  
 

6.1.2.    Performance and Cost Trade-off Analysis 

A. Paper. 5 
X.Duo, L.R. Zheng, H. Tenhunen, “Design and Implement of a 5GHz RF 

Receiver Front-End in LCP Based System-on-Package Module with Embedded Chip 
Technology,” IEEE Proc. Electrical performance of electronic packaging 2003, pp 51-54, 
Princeton, USA, Oct, 2003 
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In this paper, we present a receiver front-end for 5GHz wireless LAN in LCP 
based SoP module. Chips are embedded in the substrate of the module, hence 
constraints of off-chip pad drive capability are eliminated and electrical performance is 
improved. Furthermore, LCP material shows excellent quality for RF applications. 
Quality factor of passives integrated in LCP substrate with thin film technologies is 
very high, such as Q of inductors is as high as 60. Insertion loss of a bandpass filter is 
less than 3dB. The front-end has a conversion gain of 20dB and occupies an area of 
8.7mm by 3.6mm. 

 
Author’s Contributions: The author came up with the idea of detailed method, 

did most of simulations and wrote the manuscript. 
 

B. Paper. 6 
X.Duo, L.R. Zheng, H. Tenhunen, “Chip-Package Co-Design of Common 

Emitter LNA in System-on-Package with On-Chip versus Off-Chip Passive 
Component Analysis,” IEEE Proc. Electrical performance of electronic packaging 
2003, pp 55-58, Princeton, USA, Oct, 2003 

 
In this paper, we present a design of a common emitter LNA in SoP for 5GHz 

WLAN. Innovation of the modules is that chips and packages in the modules are co-
designed and co-simulated. It thus provides an optimal total solution for embedded 
RF electronics in system-level integration. Analytical equations for noise figure and 
gain of this LNA are developed as functions of Q of the passives and the package 
parasitics of the module. These equations hence provide designers a quantitative 
criterion for on-chip or off-chip passives integration. The final module is composed of 
on-chip transistors in 0.5µm SiGe BiCMOS technology and off-chip passives 
integrated in MCM-D substrate. Significant performance improvement is achieved 
with chip-package co-design. 

 
Author’s Contributions: The author came up with the idea of detailed methods, 

did most of simulations and wrote the manuscript. 
 

C. Paper 9 
X.Duo, L.R.Zheng, M.Ismail, H.Tenhunen, “A Concurrent Multi-Band LNA for 

Multi-Standard Radios”, 2005 IEEE International Symposium on Circuits and 
Systems, pp.3982-3985, May.2005 
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A source-degenerated cascode LNA, which works at 2.4GHz and 5.8GHz 
simultaneously, is designed for Bluetooth and IEEE wireless LAN 802.11a/b/g 
receivers. In this design, 0.15µm GaAs PHEMT technology and embedded passives in 
MCM-D substrate are implemented. At 2.4GHz and 5.8GHz, this LNA provides 
12.2dB and 15.3dB gain, respectively. Noise figures of the LNA are 0.53dB and 
1.43dB, respectively. Good input matching and output matching are also achieved—
S11 and S22 at both frequencies are less than -10dB.  

 
Author’s Contributions: The author came up with the idea, did most of design 

work and simulations, and wrote the manuscript. 
 

6.1.3.    Statistical Analysis and Yield Improvement 

A. Paper 8 
X.Duo, L.R. Zheng, H. Tenhunen, “RF Robustness Enhancement through 

Statistical Analysis of Chip-Package Co-Design,” 2004 IEEE International Symposium on 
Circuits and Systems, Vancouver, Canada, pp. 988-991, May. 2004 

 
In order to enhance robustness of RF circuits, statistical analysis for RF SoP is 

presented in this work. Methods to improve performance statistics are developed. On-
chip versus off-chip trade-offs of passives integration in SoP is analyzed in terms of 
performance and yield. The design methods are demonstrated through case studies of 
LNA in SoP. 

 
Author’s Contributions: The author came up with the idea of detailed methods, 

developed the method of robustness analysis, did most of simulations and wrote the 
manuscript. 

 

6.1.4.    Chip-Package Co-Design for Multi-Band Radio 

A. Paper 2 
L.R. Zheng, X. Duo, M. Shen, W. Michielsen, H. Tenhunen, “Cost and 

Performance Tradeoffs Analysis in Radio and Mixed-Signal System-on-Package 
Design” IEEE Trans. Advanced Packaging, pp. 364-375, vol. 27, May 2004 (Invited 
Paper).  

 
An optimal total solution for radio and mixed-signal system integration needs 

tradeoffs between different design options. Among various design metrics, cost and 
performance are probably the two most important factors for design decisions. In this 



§6:Summary of Papers 

 

63 

paper, we review and analyze cost-performance tradeoffs of system-on-chip (SoC) 
versus system-on-package (SoP) solutions for radio and mixed-signal applications. A 
new design methodology, which quantitatively predicts performance and cost gains of 
SoP versus SoC, is presented. The performance model evaluates various mixed-signal 
isolation techniques between sensitive analog/RF circuits and noisy digital circuits in 
SoC or SoP. The cost analysis includes new factors such as extra chip area and 
additional process steps for mixed-signal isolation, seamless integration of “virtual 
components” or intellectual property (IP) modules, yield and technology compatibility 
for merging logic, memory and analog/RF circuits on a single chip, and extra costs for 
moving passives off chip. In addition to these, a complete and systematic analysis 
method for on-chip versus off-chip passives tradeoffs is presented. The analysis and 
modeling techniques explore tradeoffs between performance, cost, robustness, and 
yield when different on-chip or off-chip passives are used. It thus provides a complete 
picture of quantitative tradeoffs for using on-chip or off-chip passives. The design 
methodology and analysis techniques are then demonstrated through several design 
examples in wireless applications. It is clearly shown that for all complex and high 
performance mixed-signal systems, SoP is a lower cost solution than SoC. Finally, 
some design guidelines for SoC versus SoP and on-chip versus off-chip are concluded.   

 
Author’s Contributions: The author develop the method of “on-chip vs. off-chip 

passive trade-off analysis”, designed some of the examples in this paper. 
 

B. Paper 3 
X. Duo, L.-R. Zheng, M. Ismail, H. Tenhunen “On-Chip versus Off-chip 

Passives Trade-offs in Radio and Mixed-Signal System-on-Package” in submission to 
IEEE Trans. Circuits and Systems I: Fundamental Theory and Application 

 
Advances of VLSI and packaging technologies enable condensed integration of 

system level functions in a single module, known as SoC and SoP. To optimize the 
design of RF blocks in SoC/SoP and eliminate constraints of the packaging interface 
between chips and their module substrate, a complete solution is needed to co-design 
and co-optimize chips, their package and module substrate in a total design plan. In 
this paper, a complete and systematic design methodology for RF blocks in SoP/SoC 
is presented. This methodology explores tradeoffs between performance and cost 
when different on-chip or off-chip passives are used. For a better presentation, the 
method and design techniques are demonstrated through four multi-band/multi-
standard radio design examples with various technologies and topologies. As a result, 
some design guidelines for RF block in SoP/SoC are concluded that:  the 
performance of RF modules may often be improved by moving low quality on-chip 
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passives (particular inductors) off chip. To obtain cost benefits in RF block in SoP, 
small RF chips should be merged as larger ones and the integration density of each RF 
chip should be high enough.  

 
Author’s Contributions: The author came up with the idea of detailed method, 

developed the method, designed and analyzed all the examples, and wrote the 
manuscript. 

 
C. Paper 4 

X.Duo, T.Torikka, L.R.Zheng, M.Ismail, H.Tenhunen, “On-Chip versus Off-
Chip Passives in Multi-Band Radio Design”, IEEE Proc. 30th European Solid State 
Circuits Conference, pp.327-330, Leuven, Belgium, Sep.2004. 

 
This paper presents on-chip versus off-chip passives in multi-band radio design. 

The analysis is demonstrated through several multi-band low noise amplifiers designs 
in SiGe BiCMOS and GaAs PHEMT. Cost-performance trade-off analysis shows that 
when on-chip passives are moved off chip, performance of RF circuits is always 
improved. However, simple RF circuits do not show obvious cost-benefits, whereas 
complex RF circuits such as multi-band radio can have significant cost savings by 
using off-chip passives.  

 
Author’s Contributions: The author came up with the idea of detailed method, 

developed the method, designed and analyzed most of the examples and wrote the 
manuscript. 

 

6.1.5.    UWB Receiver 

A. Paper 11 
X.Duo, L.R.Zheng, M.Ismail, H.Tenhunen, “A DC-13GHz LNA for UWB 

RFID Application”, Proc. IEEE 22th Norchip Conference, pp.241-244, Olso, 
Norway, Nov.2004 

 
In this paper, we present a 4-stage traveling wave low noise amplifier for UWB 

RFID (ultra-wideband radio frequency identification). This LNA covers a frequency 
range of DC – 13 GHz. The circuit is implemented with 0.15µm GaAs PHEMT chips 
embedded in flexible LCP (liquid crystal polymer) substrate. In the frequency range, 
the gain of the LNA is better than 10 dB, fluctuation of the gain is less than 3dB, its 
noise figure is less than 4dB, S11 and S22 are around -10 dB. 
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Author’s Contributions: The author came up with the idea of detailed method, 

did some of the simulation work and wrote the manuscript 
 

B. Paper 12 
X.Duo, L.-R. Zheng, M. Ismail, H. Tenhunen “Broadband CMOS LNAs for IR-

UWB Receiver” Proc. IEEE 23th Norchip Conference, Nov. 2005 
 
Two single-ended wideband LNAs for ultrawide-band receiver have been 

designed and implemented in 0.18µm CMOS technology. The first one, a feed-back 
LNA, is a two-stage amplifier with a improved feedback loop， which provides high 
gain and enables the input port to match with 50Ω in a wide frequency range from 
500MHz to 8GHz. The second one, an LC low-pass-filter matched LNA, employs a 
third-order low pass filter in the input port to match a frequency range from 3GHz to 
8GHz. In both of the LNAs, the input stage is a common source amplifier. Inductive 
shunt peaking is used for maximizing the bandwidth and flatting the gain. In the feed-
back LNA, measurements show that the maximum gain is 11.5dB, the 3-dB 
bandwidth is from 500MHz to 7GHz, IIP3 is -2.2dBm at 4GHz, the minimum noise 
figure is around 5.7dB, S11 is less than -8.2dB, and the power consumption is 14mW. 
In the LC filter matched LNA, the 3-dB bandwidth is from 3GHz to 7.3GHz. The 
maximum gain is 9.6dB, IIP3 is 0dBm at 4 GHz, the minimum noise figure is 7.6dB, 
S11 is less than -13.4dB and the power consumption is 23mW. 

 
Author’s Contributions: The author came up with the idea, designed and 

measured both of the LNAs, and wrote the manuscript. 
 

6.2. Author’s Contributions to the Papers 

The contribution of the author in this thesis has been essential to all papers 
presented in this thesis. This has been listed after the summary of each paper. Besides, 
Mr. Tommi Torrika contributed some simulation work in Paper-4.  In Paper 2, Doc. 
Li-Rong Zheng contributed most of the ideas and manuscript, Mr. W.Michielsen 
contributed the design examples of VCO, Mr. M. Shen contributed the design 
example of Bluetooth module and GSM module. 





 

7. Thesis Summary and Future Work 

7.1. Thesis Summary 

Optimum total solution of a radio system implementation demands chip and 
package co-design in a consistent manner. This thesis addresses advanced packaging 
technologies and chip-package co-design methodology for future multi-band multi-
standard radio. The primary focuses of the thesis are: (1) modeling of high 
performance passives in wafer level packaging and system-on-package for radio 
circuits and systems, (2) development of MCM-D technologies for SoP application, (3) 
development of chip-package co-design methodologies for radio circuits, and (4) 
design and implementation of various multi-band radio front-end building blocks via 
on-chip versus off-chip passives trade-offs.   

High Q and high fres inductors integrated on WLP have been demonstrated. Q vs. 
process parameters (the thickness of metal layers and dielectric layers) is obtained via 
simulations, which could be a guideline for WLP process development. Q vs. 
geometry parameters (the width of wires, etc) is also obtained, which could be a 
guideline for layout design of inductors. It is also found that low-k polymer is 
preferred for high Q passives in WLP.  

A SoP module is manufactured using advanced packaging techniques. The 
package interconnects (such as bonding wires and solder bumps) are modeled with a 
3D EM simulator--- HFSS. It is found that bonding wires have large parasitics and are 
preferred in low frequency applications. In high frequency applications, geometry 
variations of bonding wires could introduce large mismatch in circuits which limit the 
implementation of bonding wires in high frequency packaging. Flip-chip solder bumps 
have very little parasitic effects and hence could work perfectly even at very high 
frequencies. The radio performance is relatively insensitive to process variations and 
hence is ideal for high frequency radio chips. 5GHz wireless LAN receiver front-ends 
are designed in both LCP and glass-based SoP modules. High Q passives embedded 
in the SoP substrate are demonstrated. As a result, good performance of the receiver 
front-end is achieved. Both techniques are demonstrated to be competitive in future 
RF/wireless SoP applications.  

In order to achieve an optimum total solution of radio system integration, a 
novel design methodology for on-chip versus off-chip passives is developed and 
demonstrated in several multi-band RF building blocks design. Different circuit 
topologies for programmable or concurrent multi-band receivers, wide-band receivers 
are designed, analyzed and implemented. Statistical analysis of process variations was 
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applied for robustness enhancement in chip-package co-design. Cost-performance 
trade-offs are performed for different on-chip versus off-chip passives solutions.   

7.2. Future Work 

The work in this thesis gives methods and results of cost-effective total solutions 
of future multi-band multi-standard radio design. Further work shall be continued, for 
example:  

In this thesis, main focus has been on LNAs for on-chip versus off-chip trade-
offs. In the future, theoretical analysis models for mixers, VCOs and power amplifiers 
will be developed and these circuits will also be analyzed with the methodology 
described in this thesis. With these building blocks, a completed RF front-end should 
be designed. 

Second, impact of on-chip versus off-chip passives should also be explored in 
design trade-offs at system and architecture levels. As an example, current low-IF and 
zero-IF radio architectures are pursued due to the possibility of high silicon 
integration and reduced number of passives. These architectures also cause new 
design challenges such as LO leakage and high flicker noise. On the other hand, 
traditional heterodyne architecture could still be the best total solution for integration 
if the radio is to be implemented in system-on-package in which high quality passives 
are no longer the issue 
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