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Preface

“Wireless communication” is one of the fastest growing technologies driving
the development of microelectronics even fast than the processor technology.
This is due to the high practical use of wireless systems and its widespread
availability worldwide. Thirty years ago, the introduction of GSM fundamen-
tally changed the communication behavior of people. All of a sudden commu-
nication potential was ubiquitous available. Everybody was able to communi-
cate at any time everywhere with almost anybody worldwide. This possibility
changed the world.

Today we cannot even think to live without wireless communication. Since
the early 1990s it developed rapidly not only changing telephony but especially
also data exchange in all areas of the society. Today, we rely on the continuous
availability of broadband communication with high data rates good quality
of service and short latency. 5G, the new cellular standard is an example of
the rapid development making data-rates of Gbps with latencies of 1ms
available.

And the development continues! In the near future we will be able to
communicate with even much higher data rates such that the amount of in-
formation continuously at our hand will be huge. In the area of wireless LANs
even higher data-rates are available today reaching up to and beyond 10Gbps.
IEEE started working groups on 100Gbps technologies recently expecting to
introduce standards in the coming years.

In 2012 a group of researchers proposed a basic research initiative to the
German Research Foundation (DFG) as a special priority project (SPP) with
the name: “Wireless 100Gbps and beyond”. The main goal of this initiative
was the investigation of architectures, technologies and methods to go well
beyond the state of the art.

The target of 100Gbps was set far away from the (at that time) achievable
1Gbps such that it was not possible to achieve promising results just by tuning
some parameters. We wanted to find breakthrough solutions.

When we started the work on the proposal we discussed the challenges to
be addressed in order to advancing the wireless communication speed signifi-
cantly.
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Having the fundamental Shannon boundary in mind we discussed how to
achieve the 100Gbps speed. Basically we can improve several basic parameters:

Increase the bandwidth of the transmission channel

Increase the bandwidth efficiency

Increase the SNR

Increase the number of independent channels

The increase of bandwidth leads to the increase of the center frequency of
the transmission since the frequency spectrum below 10GHz is completely
used. So we need to consider going to mm-wave systems like 60GHz or even
beyond. Some projects addressed systems at 240GHz center frequency with a
bandwidth of 25GHz.

Increasing the bandwidth efficiency allows to use lower bandwidth and also
lower center frequencies. This is an advantage since free space loss increases
with the square of the frequency . Therefore we have better SNR available at
the receivers. However, increasing the bandwidth efficiency increases the com-
plexity of the baseband signal processing significantly. This in fact increases
the power dissipation. If we intend to integrate a 100Gbps system into a mo-
bile device we should restrict the power dissipation to 1W. This, however
will restrict the energy budget per transmitted bit to 1 pW which is really
challenging. With complex signal processing it is even more difficult to stay
within these limits.

The increase of SNR is possible by increasing the signal power and reducing
the noise. Most of the noise is caused by thermal processes such that only
cooling the devices will reduce the noise level. This however will increase
the energy budget significantly. Increasing the signal power is limited on the
one hand by the restricted power budget and on the other hand side by the
linearity of the used transmission components like power amplifiers, low noise
amplifiers and also mixers.

The increase of the independent channels will allow to reach beyond the
Shannon limit. However, we need to have transmitter- and receiver-systems
per channel and this will also require significant power. However, MIMO sys-
tems are quite promising since they allow the combination of the merits of
several channels.

As a summary: All possible approaches have pros and cons to be consid-
ered. At the time of proposing the SPP1655 we did not prefer any approach
but allowed the researchers to propose their approaches based on their own
experience. Interestingly more than one approach was successful.



Preface iii

Beyond the aforementioned challenges data converters seemed to be restrict-
ing devices. In 2012 a 10GS/s ADC with 8 bit resolution consumed more than
10W. This alone is more than the total anticipated power budget of the wire-
less system. Thus, we also considered architectures without data converters or
with data converters with much lower resolution and sampling rate. The idea
of “analog signal processing” or hybrid signal processing was very attractive.
However, analog approaches suffer from different effect due to temperature,
ageing, parameter spread etc. Thus another trade-off was to be considered
between the advantages of digital processing and the disadvantages of power
hungry data converters.

Finally, we also considered the challenge of protocol processing. With pro-
cessor clock speeds of 3GHz and a word-size of 64 bit we can process approx-
imately 180Gbps. But with only a single processor cycle we cannot realize
complex protocol designs. Thus, we addressed the ideas of multiple parallel
paths to be independently processed by several processors. A new form of
protocol processor was necessary to allow the use of processor resources in a
flexible way processing several parallel data stream concurrently.

The proposal, addressing all these challenges was accepted by DFG as
SPP1655 and supported with almost 12Mio.e for a duration of 2 times
3 years. Beyond the technical success, the project resulted in more than 40PhD
qualifications, several master and bachelor theses and more than 240 interna-
tional publications.

This book summarizes the results of the research work achieved by the
individual projects. We really succeeded in demonstrating 100Gbps systems.
We were able to advance the state of the art significantly in areas like an-
tenna design, radio-frontend design, millimeter-wave technologies, advanced
MIMO systems, baseband architectures and design, channel coding and also
protocol design. The 12 projects which formed the SPP1655 are outlined in
the following 11 chapters of the book.

We would like to thank all authors for their contributions! We also want to
thank the DFG for the support allowing this research work to be conducted!

Prof. Dr.-Ing. Rolf Kraemer
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2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2 System Concept and Demonstrator . . . . . . . . . . . . . . 39

2.2.1 SPARS Concept . . . . . . . . . . . . . . . . . . . . . 39
2.2.2 Theory and System Analysis . . . . . . . . . . . . . . 41
2.2.3 Homodyne System Demonstrator . . . . . . . . . . . . 43
2.2.4 Heterodyne System . . . . . . . . . . . . . . . . . . . . 45

2.3 Transmitter Components . . . . . . . . . . . . . . . . . . . . 46
2.3.1 Generation of the Carrier Frequency . . . . . . . . . . 47

2.3.1.1 Quintupler Stage . . . . . . . . . . . . . . . . 47
2.3.1.2 Gilbert-Cell Multiplier . . . . . . . . . . . . 48

2.3.2 BPSK Modulators and RF-DACs . . . . . . . . . . . . 50
2.3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.4 mm-Wave Frontend Components . . . . . . . . . . . . . . . . 54
2.4.1 180-GHz Super-Regenerative Oscillator with 58 dB Re-

generative Gain . . . . . . . . . . . . . . . . . . . . . . 54
2.4.1.1 SRO Principles . . . . . . . . . . . . . . . . . 54
2.4.1.2 Circuit Design . . . . . . . . . . . . . . . . . 55
2.4.1.3 Experimental Results . . . . . . . . . . . . . 58
2.4.1.4 Waveguide Module and Wireless Data Trans-

mission . . . . . . . . . . . . . . . . . . . . . 62
2.4.2 180-GHz Down-Conversion Mixer with Broadband Rat-

Race Coupler . . . . . . . . . . . . . . . . . . . . . . . 63
2.4.2.1 Passive Mixer . . . . . . . . . . . . . . . . . 63
2.4.2.2 Circuit Design . . . . . . . . . . . . . . . . . 63
2.4.2.3 Experimental Results . . . . . . . . . . . . . 65

2.5 Analog Baseband Receiver Components . . . . . . . . . . . . 66
2.5.1 Indroduction . . . . . . . . . . . . . . . . . . . . . . . 66
2.5.2 A 112 GS/s 1-to-4 ADC frontend . . . . . . . . . . . . 67

2.5.2.1 Voltage versus charge sampling . . . . . . . . 67
2.5.2.2 Circuit design . . . . . . . . . . . . . . . . . 68
2.5.2.3 Experimental results . . . . . . . . . . . . . . 70

https://doi.org/10.26127/BTUOpen-5908


Contents vii

2.5.3 A 40 GS/s 4 bit Flash ADC . . . . . . . . . . . . . . . 70
2.5.3.1 “Traveling-wave” architecture . . . . . . . . 70
2.5.3.2 Circuit design . . . . . . . . . . . . . . . . . 72
2.5.3.3 Experimental results . . . . . . . . . . . . . . 73

3 Tera50+ – sub-mm-wave 100 Gbit/s Fiber-Wireless Trans-
mission System 75
Matthias Steeg, Jonas Tebart, Sebastian Dülme, Andreas Stöhr, Florian
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Automatic Gain Control and MMSE Receiver Design for Quantized
Multiuser MIMO Systems,” in Proc. Int. Symp. Wirel. Commun. Syst.,
2018.

[210] C. Zhou, X. Chen, X. Zhang, S. Zhou, M. Zhao, and J. Wang, “Antenna
Array Design for LOS-MIMO and Gigabit Ethernet Switch-Based Gbps
Radio System,” Int. J. Antennas and Propagation, 2012.

[211] F. Bohagen, P. Orten, and G. Oien, “Optimal Design of Uniform Planar
Antenna Arrays for Strong Line-of-Sight MIMO Channels,” in Proc.
IEEEWorkshop on Signal Process. Advances in Wirel. Commun., pp. 1–
5, July 2006.

[212] X. Song, D. Cvetkovski, T. Hälsig, W. Rave, G. Fettweis, E. Grass,
and B. Lankl, “High Throughput Line-of-Sight MIMO Systems for Next
Generation Backhaul Applications,” Frequenz, vol. 71, no. 9-10, pp. 389–
398, 2017.



Bibliography 465

[213] X. Song, T. Halsig, D. Cvetkovski, W. Rave, B. Lankl, E. Grass, and
G. Fettweis, “Design and Experimental Evaluation of Equalization Al-
gorithms for Line-of-Sight Spatial Multiplexing at 60 GHz,” IEEE J.
Sel. Areas Commun., vol. 36, no. 11, pp. 2570–2580, 2018.

[214] J. Antes and I. Kallfass, “Performance Estimation for Broadband Multi-
Gigabit Millimeter- and Sub-Millimeter-Wave Wireless Communication
Links,” IEEE Trans. on Micro. Theory and Tech., vol. 63, pp. 3288–3299,
Oct 2015.
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