
ARMMS November 2015 | I. D. Robertson  page 1 

MILLIMETRE-WAVE AND TERAHERTZ SYSTEM-ON-SUBSTRATE 

TECHNOLOGY: PROSPECTS AND CHALLENGES 

 I. D. Robertson 

 University of Leeds 

The millimetre-wave frequency range has received renewed interest for 5G+ wireless networks, 

including machine-to-machine (m2m) communications, body area networks and the Internet of 

Things (IoT). System-in-package (SiP) or system-on-substrate technology is vital for the realisation 

of miniature millimetre-wave systems, especially some of the very advanced massive MIMO 

antennas that have been proposed. SoS technology provides a multi-technology platform by which 

integrated circuits, devices and components from any technology (Si/SiGe, GaAs, GaN, InP, 

graphene, etc.) can be integrated to form a system alongside high performance passive 

components. This paper reviews the prospects for system-on-substrate technology and outlines 

some of the significant challenges that still need to be addressed in order to fully exploit the 

100GHz+ part of the radio spectrum.  

INTRODUCTION  

The progress that silicon technology has made in the last decade is truly remarkable, with fmax of 

>500 GHz achievable with SiGe HBTs and even CMOS giving ft close to a THz, although the useful 

maximum frequency of operation for RF circuits is well below that. The International 

Technology Roadmap for Silicon (ITRS) has been a strategic driving force behind these 

developments and, amongst its many in-depth reports, the system-in-package White Paper [1] 

describes a wide range of advanced packaging technologies that could be used to great effect to 

realise millimetre-wave [2] and even THz transceiver modules. 

There is an urgent need to push down the cost of millimetre-wave systems but these still often 

require quite sophisticated and high performance passive components that cannot be 

integrated into a tiny package. For example, in future 5G+ communications there are many 

demands on RF engineers to find low cost ways of realising multi-band and multi-antenna 

systems as illustrated in Fig. 1. The system-on-substrate or substrate integrated circuit 

approach pioneered by Wu [3] is an extension of the MCM concept in which an entire substrate 

becomes the base for systems integration and makes such a large scale integrated 

antenna/transceiver array feasible. One of the major elements of this concept is the substrate 

integrated waveguide (SIW) which is a rectangular waveguide embedded into the substrate, 

normally using rows of via-holes as sidewalls. The important advantage of SIW is that it is 

significantly lower loss than planar transmission lines (microstrip, CPW, etc) and this makes it 

feasible to integrate high performance passive components.  
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However, there is a significant technical challenge to be overcome in order to push the 

performance envelope so that SoS solutions can be employed for systems beyond 100 GHz, 

including terahertz systems - as and when the necessary devices become commercially 

available. System-on-substrate technology will be a key enabler for the explosion in applications 

of the millimetre-wave bands for applications such as 5G+, IoT, m2m communications, 

biosensing, imaging, security screening, etc.  

 

 

Fig. 1. Systems Requirements in Future Millimetre-Wave Communications: 3D SoS solution 

 

HOLLOW SUBSTRATE INTEGRATED WAVEGUIDES 

It is not possible to do justice here to the many papers that have been published on SIW circuits. 

However, all-too-often papers report the design and performance of filters, couplers, etc., 

without detailed consideration of whether the performance demonstrated is sufficiently good to 

meet real systems requirements. For example, if the loss of a SIW power combining network is 

even a few dB, the impact on power output and efficiency is so great that it has limited practical 

value. A number of researchers have pursued a different route, for example using 

micromachining [4] or additive manufacture [5] to realise low loss hollow millimetre-wave / 

THz waveguides, but this approach is less amenable to the kind of volume manufacture that is 

envisaged if 5G+, IoT, etc., are to reach their potential and fully exploit the millimetre-wave 

bands.  

Just in the last year, two groups have independently reported hollow (or air-filled) SIWs, using 

LTCC technology [6] and copper/laminates [7]. In both cases, the reduction in loss is very 

significant and with further development this approach will be a major contribution to making 

the system-on-substrate approach the mainstream millimetre-wave technology, just as 

microstrip was so successful in the 70s-onwards, then being a low-cost replacement for bulky 

waveguides and coaxial lines. Just as engineers found creative ways of living with microstrip’s 

limitations, so engineers can surely develop advanced system-on-substrate design techniques to 

deliver amazing new hardware solutions. 

Some hollow SIWs (HSIWs) based on standard LTCC technology are illustrated in Fig. 2. This 

form of HSIW uses standard printed silver paste as the upper and lower broadwalls. It is very 

challenging to produce samples with the intricate via-fence sidewalls so close to the cavity, but 
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measured results demonstrated that the HSIW was significantly lower loss than a dielectric-

filled equivalent. The loss in Ka-band is comparable to a standard waveguide. This is a 

significant achievement and a number of high-Q passive components, including a waveguide slot 

antenna array and integrated antenna-filter have been successfully demonstrated [8]. 

 

     

Fig. 2. Hollow SIW in LTCC Technology: Concept and photograph [6] 

BEYOND SIW 

Whilst the hollow SIW gives a significant reduction in loss, to push significantly beyond 100 GHz 

requires careful consideration of the importance of surface roughness and metal conductivity 

[9] and transmission losses will generally increase very rapidly beyond 100 GHz. Indeed, even 

the precision manufactured WR-1.0 waveguides used with a THz Keysight Technologies       

PNA-X/VDI system have significant losses at 1 THz. To successfully pursue THz system-on-

substrate technology it is surmised that dielectric waveguides need to be re-examined. In an 

earlier era of millimetre-wave industry-academia excitement, for example, some excellent work 

on NRD-based transceivers was published [10]. Fig. 3 shows the cross-section of the main 

candidates for dielectric-based waveguides in MCM technology and Fig. 4 shows early stage 

work on insular image guides in LTCC technology [11].   

 

 

Fig. 3. Well-known dielectric waveguide structures with potential for SoS applications 
(Image guide, insular image guide, NRD, rib image guide) 

 

 
 

Fig. 4. Insular image guide components in LTCC technology [11] 
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CHIP INPUT/OUTPUT 

The need to shift to dielectric guides highlights another limiting factor in taking current MCM 

technology to the THz range – the need for a new kind of input/output interface. Supposing 

bond-wires or tapes can be avoided by using solutions such as flip chip mounting, even then the 

tiniest bondpads will have significant parasitic capacitance that limits the frequency of 

operation. It is expected, therefore, that electromagnetic coupling into and out of the chip will be 

required for true THz applications, using techniques such as on-chip transitions, e.g. as shown in 

Fig. 5 [12], or antennas - including ones mounted on the back face of a flip-chip device or IC [13]. 

  

Fig. 5 MMIC coupled into an SIW using on-chip finline transitions [12] 

MEMS AND SMART SUBSTRATES 

Another important step towards a true system-on-substrate is to meet the systems 

requirements for reconfigurable hardware that can deliver “all spectrum access” (or close to it). 

MEMS is widely recognised as an important technology but it is unlikely to be cost effective to 

procure a large number of individual MEMS devices and integrate them onto a reconfigurable 

antenna array, for example. A “smart substrate” incorporating large area MEMS could perform 

many of the switching, beam-steering and frequency-tuning functions that are required in a 

millimetre-wave system, as illustrated conceptually in Fig. 6. Internationally, a few research 

teams worldwide have started to study the fabrication of MEMS components in LTCC and 

laminate technologies. Laminate technologies require low temperature processing, and some 

excellent work has been reported [14, 15]. Newborn et al. [16], have shown that an 

electrostatically-actuated leaf spring vertical actuator could be realized in LTCC technology by 

employing sacrificial layers which burn off during firing. Work was reported on attaching foil 

onto laminate substrates to form a large area frequency-selective surface [17]. This inspired 

work at Leeds, Imperial College and Loughborough University on RF MEMS in LTCC, previously 

reported at the ARMMS conference [18], forming part of a project funded by the EPSRC IeMRC 

[19]. 
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Fig. 6. Smart substrate concept for reconfigurable transceivers [19] 

CONCLUSION 

System-in-package and system-on-substrate technology provide the key multi-technology 

platform that brings silicon and III-V technologies together in harmony to realise cost-effective 

transceiver modules for many applications, such as 5G+ communications, short range radar and 

sensing systems. With further research into ultra-low loss transmission media and large area 

MEMS, the capability of this approach can be significantly enhanced and it is likely that some 

form of this technology will underpin massive MIMO 5G+ systems, which have already been 

shown in research labs to be capable of Tb/s data rates [20]. A key feature of this approach is 

that it is agnostic to competing semiconductor technologies and whenever a new device comes 

along that creates a step-change in capability it can be swiftly integrated into a new design. 

REFERENCES 

1. www.itrs.net: SiP White Paper, “The next Step in Assembly and Packaging: System Level 
Integration in the package (SiP)”. 

2. Feger, R., and Stelzer, A., “Millimeter-wave radar systems on-chip and in package: Current 
status and future challenges”, IEEE Topical Conference on Wireless Sensors and Sensor 
Networks (WiSNet), pp.32-34, 25-28th Jan. 2015, doi: 10.1109/WISNET.2015.7127407 

3. Deslandes, D. and Wu, Ke , “Single-substrate integration technique of planar circuits and 
waveguide filters”, IEEE Transactions on Microwave Theory and Techniques, vol. MTT-51, no.2, 
pp.593-596, Feb. 2003 

4. Digby, J.W.; McIntosh, C.E.; Parkhurst, G.M.; Towlson, B.M.; Hadjiloucas, S.; Bowen, J.W.; 
Chamberlain, J.M.; Pollard, Roger D.; Miles, Robert E.; Steenson, D.P.; Karatzas, L.S.; Cronin, N.J.; 
Davies, S.R., "Fabrication and characterization of micromachined rectangular waveguide 
components for use at millimeter-wave and terahertz frequencies," IEEE Transactions on 
Microwave Theory and Techniques, vol.48, no.8, pp.1293-1302, Aug 2000, doi: 
10.1109/22.859472 

5. D'Auria, M.; Otter, W.J.; Hazell, J.; Gillatt, B.T.W.; Long-Collins, C.; Ridler, N.M.; Lucyszyn, S., "3-
D Printed Metal-Pipe Rectangular Waveguides," IEEE Transactions on Components, Packaging 
and Manufacturing Technology, vol.5, no.9, pp.1339-1349, Sept. 2015, doi: 
10.1109/TCPMT.2015.2462130 

http://www.itrs.net/


ARMMS November 2015 | I. D. Robertson  page 6 

6. Jin, Lukui, Lee, R.M.A., and Robertson, I.D., “Analysis and Design of a Novel Low-Loss Hollow 
Substrate Integrated Waveguide”, IEEE Transactions on Microwave Theory and Techniques, 
vol.62, no.8, pp.1616-1624, Aug. 2014, doi: 10.1109/TMTT.2014.2328555 

7. Parment, F., Ghiotto, A., Tan-Phu Vuong, Duchamp, J.-M., and Wu, Ke, “Air-Filled Substrate 
Integrated Waveguide for Low-Loss and High Power-Handling Millimeter-Wave Substrate 
Integrated Circuits”, IEEE Transactions on Microwave Theory and Techniques, vol.63, no.4, 
pp.1228-1238, April 2015, doi: 10.1109/TMTT.2015.2408593 

8. L. Jin, R. M. Lee, I. D. Robertson, “Analysis and Design of a Slotted Waveguide Antenna Array 
using Hollow Substrate Integrated Waveguide”, European Microwave Conference, September 
2016 

9. Lucyszyn, S., "Investigation of Wang's model for room-temperature conduction losses in normal 
metals at terahertz frequencies," IEEE Transactions on Microwave Theory and Techniques, 
vol.53, no.4, pp.1398-1403, April 2005, doi: 10.1109/TMTT.2005.845758 

10. Kuroki, F.; Sugioka, M.; Matsukawa, S.; Ikeda, K.; Yoneyama, T., "High-speed ASK transceiver 
based on the NRD-guide technology at 60-GHz band," IEEE Transactions on Microwave Theory 
and Techniques, vol.46, no.6, pp.806-810, Jun 1998, doi: 10.1109/22.681204 

11. Jin, L.; Lee, R.; Robertson, I., "A Dielectric Resonator Antenna Array Using Dielectric Insular 
Image Guide," IEEE Transactions on Antennas and Propagation, vol.63, no.2, pp.859,862, Feb. 
2015 doi: 10.1109/TAP.2014.2382670 

12. Lucyszyn, S.; Silva, S.R.P.; Robertson, I.D.; Collier, R.J.; Jastrzebski, A.K.; Thayne, I.G.; Beaumont, 
S.P., "Terahertz multi-chip module (T-MCM) technology for the 21st century?," in Multi-Chip 
Modules and RFICs (Ref. No. 1998/231), IEE Colloquium on , vol., no., pp.6/1-6/8, 5 May 1998 

13. Robertson, I.D., "Millimetre-wave back-face patch antenna for multilayer MMICs," in Electronics 
Letters , vol.29, no.9, pp.816-818, 29 April 1993, doi: 10.1049/el:19930545 

14. C. H. Chang, et al., "Low Cost RF MEMS Switches Fabricated on Microwave Laminate Printed 
Circuit Boards," Electronic Device Letters, 2003 

15. Cetiner B. A, et al., “Microwave Laminate PCB Compatible RF MEMS Technology for Wireless 
Communication Systems” , IEEE Int. AP-S International Symposium on Antennas and 
Propagation, 2003. 

16. Craig H. Newborn, Jennifer M. English and David J. Coe, “LTCC Fabrication for a Leaf Spring 
Vertical Actuator”, Int. J. Appl. Ceram. Technol., 3 [1] 61–67 (2006)  

17. Robben, D., Peik, S.F., Henning, T., Becker, M., and Froehner, K., “Laser machined microsystems 
for active frequency selective surfaces”, IEEE MTT-S International Microwave Symposium 
Digest, pp.1-3, 17th-22nd June 2012, doi: 10.1109/MWSYM.2012.6259596 

18. M. D'Auria, A. Sunday, J. Hazell, I. D. Robertson and S. Lucyszyn, "Enabling technology for 
ultralow-cost RF MEMS switches on LTCC", ARMMS RF & Microwave Society Conference, Nr 
Thame, Apr. 2014 

19. Razak M. A. Lee, Lukui Jin, Ayodeji Sunday, Isibor Obuh, Nutapong Somjit, Paul Steenson, Ian 
Robertson, Mario D’Auria, Stepan Lucyszyn, Dilshani N. Rathnayake-Arachchige, David Hutt, 
Paul Conway, “Prospects for Microwave & Millimetre-Wave System-in-Package Technology 
Incorporating RF MEMS Components”, IMAPS RaMP RF and Microwave Packaging Conference, 
April 16th 2015, Weetwood Hall 

20. “5G researchers manage record connection speed”, BBC News, 25 February 2015, 
http://www.bbc.co.uk/news/technology-31622297 (Surrey 5GIC) 

 

 

http://www.bbc.co.uk/news/technology-31622297

