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Abstract - This paper discusses the challenges of baseband 
signal processing in wideband communication systems operating 
in millimeter-wave (mm-Wave) and terahertz (THz) frequency 
bands. The focus of the paper is the concept of modular baseband 
processing solution that is explained, implemented and 
demonstrated. 
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I. INTRODUCTION

The demand for higher data rates in modern wireless 
communication increases rapidly as the number of new 
users and applications constantly grows. As observed by 
Edholm’s Law [1], wireless data rates will continue to 
increase exponentially, and by 2021, they should reach 
100 Gbit/s. However, accomplishing such high data rates 
will be only possible either by dramatically improving the 
spectral efficiency in allocated mm-Wave spectrum or by 
utilizing large spectrums available in the THz frequency 
band [2]. Potential applications for high-speed wireless 
communication at mm-Wave and THz frequencies include 
kiosk downloading, high capacity links for wireless local 
area networks (WLANs), high throughput links for wireless 
personal area networks (WPANs), ultra high definition 
video streaming, augmented and virtual reality, wireless 
connection in data centers, fronthaul/backhaul wireless 
links for future 5G applications, and nano-cells [2,3]. 

Millimeter-wave spectrum is the band of spectrum 
between 30 GHz and 300 GHz. Since spectrum regulations 
and available bandwidth fairly limit conventional radio 
communication operating at 2.4 GHz and 5 GHz, the 
unlicensed spectrum between 24 GHz and 100 GHz is 
considered as potential target for realization of future long- 
and medium-range high-speed wireless communication 
links. The frequencies above 100 GHz are considered for 
high-speed, short-range indoor communication. Currently, 
the 7 GHz wide spectrum around 60 GHz is already 
allocated to mobile communications. The IEEE802.15.3c 
and IEEE802.11ad standards define 60 GHz 
communication for WLAN and WPAN short-range 
applications, respectively, allowing the data rates of up to 
8 Gbit/s. A follow-up to the 802.11ad, the IEEE802.11ay 

standard, introduces channel bonding, higher modulation 
schemes and multiple antenna approach (4×4 MIMO), and 
promises aggregated data rates of up to 176 Gbit/s. 
However, recent commercial solutions for “ay” are still 
limited to the data rates not higher than 10 Gbit/s. The high 
complexity of hardware and the challenges in signal 
processing prevent reaching the ultimate goals of “ay” 
specification. 

There are different definitions of the THz band in 
literature. Usually, the unlicensed spectrum between 
275 GHz and 1 THz is referred to as the THz band. 
However, the spectrum between 100 and 300 GHz is also 
seen as a part of the THz band and is often referred to as a 
sub-THz band. The THz band makes itself an excellent 
candidate to answer the demands for even more bandwidth 
and extremely high data rates. Recently, the unlicensed D-
band (110-170 GHz) received a lot of attention in the 
context of terabit wireless communication [4]. Radio waves 
in the THz-band are strongly affected by atmospheric 
attenuation [5]. Therefore, most applications consider line-
of-sight (LOS) short-path indoor scenarios for THz 
communication. Nevertheless, by using high gain directive 
antennas, it is also possible to establish outdoor THz 
communication over a long distance [6]. 

The rest of the paper is organized as follows. Section II 
discusses the most important challenges in the realization 
of terahertz communication. Section III presents the 
concept of modular baseband signal processing solution for 
THz applications. Finally, Section IV presents the 
experimental validation of the proposed concept. 

II. CHALLENGES IN THE THZ BAND

Some of the most important challenges related to THz 
communication include technology limits, antenna and 
transceiver design and challenges related to the realization 
of a communication system. Thereby, the system size, 
production costs, power budget and security aspects also 
play an important role. Many challenges specific to mm-
Wave also apply to THz communications.  

A. Device Technology

A straightforward choice regarding mm-Wave and sub-
THz technology for cheap, highly-integrated, compact 
devices is CMOS (Complementary Metal-Oxide-
Semiconductor). A standard silicon-only CMOS 
technology is already massively used in the design of 
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60 GHz RF circuits [7]. Furthermore, CMOS is also 
receiving a lot of attention regarding the design of sub-THz 
circuits [8]. However, the losses due to parasitic effects and 
low output power limit the application of CMOS for 
integrated systems operating at extremely high frequencies. 
Recent advances in SiGe BiCMOS (Silicon-Germanium 
Bipolar CMOS) technology enable hetero-junction bipolar 
transistors (HBT) with cut-off frequencies (fT) of up to 
300 GHz and maximum frequency (fmax) of up to 500 GHz 
[9]. Having fmax significantly higher than its CMOS 
counterpart, the BiCMOS allows the design of ultra high-
frequency components with much better performance and 
power figures. Also, the compatibility with CMOS makes 
BiCMOS a promising technology for the realization of 
future mm-Wave and THz communication systems. High-
power applications in the THz band usually consider 
Gallium Nitride (GaN) or Indium Phosphide (InP) 
technology. Some other technologies are also considered 
for the generation and detection of THz waves such as 
photonic, Gallium Arsenide (GaAs), and graphene based. 
However, the wide usage of these technologies is restricted 
by high processing costs and immaturity of the technology 
process. Nevertheless, hybrid integration with CMOS or 
SiGe BiCMOS is also possible. 

 
B. Transceiver Design 

 
The realization of THz circuitry is closely related to the 

limitations posed by the target device technology. For 
standard silicon-based process technologies, the design of 
circuit components, such as oscillators and amplifiers, is a 
very challenging task. The oscillators for the THz band 
must deal with various issues such as low efficiency, low 
output power, and high phase noise [10]. Optical oscillators 
promise better noise figures and high output range, but they 
come at a high cost, having large size and limited output 
power. The power amplifier design in standard CMOS is 
mainly affected by low output power. The BiCMOS 
provides more gain, as presented in [11]. Another 
important element of a THz system is the antenna. For 
outdoor use, e.g. fixed backhaul radio links, a highly 
directive horn antenna with optional beam-collimating 
lenses could provide enough gain and enable long ranges 
[12]. More compact is a phased-array antenna with optional 
beam steering that could be efficiently used for both 
outdoor and indoor applications [13]. However, the outdoor 
beamforming is not easy to deploy, due to various 
environmental effects affecting the received signal. For a 
stable link, very high gain and excellent beam alignment 
are required. An integrated phased-array antenna with 
implemented beamforming is a suitable solution for 
consumer electronic devices with strict requirements for 
size and acceptable production cost. 
    
C. Signal Processing 
 

Wireless communication over THz channels is strongly 

affected by very high molecular absorption and spreading 
loss resulting in a very high and frequency-selective path 
loss for LOS links. Non-line-of-sight (NLOS) propagation 
is governed by high reflection loss depending on the shape 
of reflecting surface, its roughness and material features. A 
study on deterministic indoor LOS and NLOS channel 
models suggests that 1 Tbit/s of LOS and 100 Gbit/s of 
NLOS transmission over a distance of 1 meter is possible 
with the transmit power of 1 W [14]. In directed NLOS 
scenario, highly reflective mirrors in combination with 
steerable antennas can be used to avoid obstacles and 
minimize multi-path effects [15]. The measurements of an 
indoor broadband channel at 300 GHz are presented in 
[16]. The results showed a quite flat channel characteristic 
for symbol rates up to 10 GSymbols/s confirming potential 
applicability of the link for short-range indoor applications. 
Regarding outdoor applications, such as backhaul links 
relying on high gain highly-directive antennas, the multi-
path effects are not of great concern. However, the effects 
related to atmospheric attenuation, scintillation and fog 
have to be taken into consideration.  

Large available bandwidth allowing very high data rate 
is certainly a major advantage of the THz band. RF-circuits 
for THz transmitters and receivers have been already 
demonstrated. However, the processing of large bandwidth 
is an extremely challenging task. The issues due to a high 
level of noise and changes in channel properties make 
channel equalization and error correction very difficult. 
Therefore, baseband modems and data converters need to 
maintain high resolution for signal processing. They must 
also provide the required data throughput to higher 
communication layers. For example, the state-of-the-art 
successive-approximation-register (SAR) analog-to-digital 
converters (ADCs) in CMOS provide up to 2.4 GHz of 
Nyquist bandwidth and have the resolution of 3-5 effective 
numbers of bits, limiting the constellation to 16-QAM at 
most [8]. On the other hand, flash-based ADCs with 
sufficient bandwidth are power-hungry and not suitable for 
low power applications required in consumer devices. One 
viable option to deal with this problem is channel 
fragmentation and aggregation. 
 

III. MODULAR BASEBAND PROCESSING 
 

The concept of modular baseband processing relies on 
multi-level band fragmentation and link aggregation. The 
link aggregation and channel bonding are the concepts 
already applied in various IEEE standards and propriety 
solutions to add redundancy or increase the throughput. For 
IEEE802.11 WLAN, the impact of IEEE standards and 
regulatory restrictions make the use of channel bonding 
very difficult. This is partially due to dynamic frequency 
selection (DFS) requirements, a process by which the 
access point must detect the signature of existing 
government weather radar and other radio systems and 
vacate the channel for an hour. Also, increased baseband 
complexity, sensitivity to adjacent channel interference, 
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frequency reuse issues and compatibility to legacy 
802.11a/b/g products limit the application of channel 
bonding in IEEE802.11 WLAN systems operating at 2.4 or 
5 GHz [17]. The channel bonding is also defined for the 
60 GHz IEEE802.11 ad/ay allowing the bonding of up to 4 
channels. The 60 GHz analog front-end (AFE) transceivers 
supporting channel bonding at the physical layer are 
presented in [18, 19]. However, no circuits for analog 
channel bonding have been presented yet. 

The existing concepts of baseband processing with 
support to channel bonding are usually realized by adding 
more complexity to specific signal processing units, e.g. by 
increasing the FFT size, increasing the processing speed of 
de-multiplexer and demodulator, increasing the sampling 
rate and the bandwidth of data converters, etc. The idea of 
modular baseband processing is to employ multiple 
baseband cores running in parallel that are realized either 
as a module or as a single chip. In this concept, when 
transmitting, the big data stream generated by a host is split 
to multiple baseband streams processed by several 
baseband cores running in parallel. The generated analog 
signals at the outputs of baseband processors (usually I/Q 
outputs from the baseband DACs) get bonded in analog 
domain creating a wideband signal at an intermediate 
frequency (IF). The generated wideband signal gets up-
converted to selected mm-Wave/THz carrier frequency in 
an analog front-end. At the receiver side, the received 
wideband signal gets down-converted to IF and split to 
multiple analog streams. The analog signals get converted 
to digital data at the ADC inputs of the baseband cores and 
processed in parallel. The processed digital data streams 
get combined at the interface to host and passed to the 
upper layers of the communication system. The concept of 
modular baseband processing using three baseband 
processors is illustrated in Fig. 1. 

 

 
 

Fig. 1.  A modular baseband processing solution. 
 

There are several advantages of the proposed concept. 
Splitting the frequency band to moderately wide sub-bands 
allows the implementation of power-efficient data 
converters in the baseband cores. Furthermore, if the load 
of a network is not high so that the system is not required 
to operate at full capacity, the selected cores might be put 
into a sleep mode in order to save the power. From the 
access point view perspective, multiple cores running in 
parallel can serve single or multiple users. Assuming the 

baseband cores with an adaptive OFDM modulation, the 
sub-bands could be further channelized by assigning a 
group of subcarriers to single or multiple users. Finally, 
multi-level bandwidth fragmentation provides flexibility to 
apply various combinations of time, space and frequency 
multiplexing in the network layer. A potential drawback of 
the proposed concept is the complexity of the analog 
channel combining circuits that might require power-
hungry filters in order to prevent the leakage between the 
channels. Also, the generation of IF frequencies (i.e. LO 
chain) might be a challenging task.   
 

IV. EXPERIMENTAL VALIDATION 
 

A communication link for validation of the modular 
baseband signal processing concept has been implemented 
and tested. The setup consists of transmitter (Tx) and 
receiver (Rx) stations, each consisting of a PC host, a split-
and-combine unit, a modular baseband module and an 
analog channelizer block (see Fig. 2). 
 

 
 

Fig. 2.  Modular transmitter station.  
 
A. Baseband Module 

 
To validate the proposed concept, a multi-core 

baseband processor module has been developed, which 
implements five cores on a printed circuit board. This is 
shown in Fig. 3. The used baseband cores support OFDM-
QPSK modulation with 528 MHz of bandwidth and up to 
480 Mbit/s data throughput. The board interface to the host 
is realized by two FMC connectors, compatible with the 
FMC connectors on the Xilinx Kintex-7 FPGA board, 
which is used to implement the split-and-combine logic. 
The interface to the analog channel combiners is provided 
by SMA connectors as well as by compact Q-strip 
connectors. The power supply is realized either through 
FMC or externally.  
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Fig. 3.  5-channel modular baseband processor module.  
 
B. Analog Channelizers 
 

The analog channelizer integrated circuits (Tx and Rx) 
were designed and fabricated in IHP’s SiGe BiCMOS 
130nm SG13G2 technology. The chips are mounted and 
bonded on module boards containing SMA interfaces to 
baseband channels (see Fig. 4). The module also 
implements a wideband, high frequency, differential output 
connector to mm-Wave or THz AFE and an input 
connector for the frequency source. The board also 
provides power supply connectors. The channelizers 
support the bonding of 5 channels with 2.5 GHz bandwidth 
per channel. More information on channelizer circuits can 
be found in [20]. 
 

 
 

Fig. 4.  Rx channel debonding module.  
 
 C. Split-and-Combine Module 
 

The host interface is realized over an FPGA split-and-
combine module that sends and receives packets from a PC 
host running the data link and application software. The 
interface between the PC host and the FPGA board is 
realized by a 10 Gbit/s optical Ethernet link. The split-and-
combine module receives jumbo packets from the host and 
generates data streams to the cores of the modular 
baseband. It also receives the data streams from the 

baseband cores and assembles the jumbo packets that are 
sent to the host. Two FMC connectors realize the interface 
to the baseband module. Some other functionalities of the 
split-and-combine module include packet scheduling and 
packet enumeration. The initialization of the baseband 
module is also done by a program sequence running on the 
microcontroller within an FPGA device. 
 
D. Communication Link 

 
The final demonstration employs a back-to-back 

unidirectional wired link between two stations, as depicted 
in Fig. 5. The video stream signal is generated by the 
transmitter PC and sent to the receiver station, which 
displays the received stream. Both stations implement the 
software for packet processing and control of the Ethernet 
communication. An uncompressed 720p video stream 
could be transmitted and received in real-time over all 
channels without visible errors in transmission. 

 

 
 

Fig. 5.  Demonstration of communication link with modular 
baseband signal processing. 

 
V. CONCLUSION 

 
The concept of modular baseband processing has been 

proposed and validated in this paper. The modular 
approach, based on multi-level band splitting, parallel 
processing and analog channel combining, is shown to be 
an effective solution for the realization of communication 
links in wideband mm-Wave and THz spectrum. 

 
ACKNOWLEDGEMENT 

 
This work has been funded by the German Federal 
Ministry of Education and Research within the research 
project ForMikro-6GKom (project number 16ES1107). 

Proceedings of the 8th Small Systems Simulation Symposium 2020, Niš, Serbia, 12th-14th February 2020

52



REFERENCES 
 
[1] Cherry, S., “Edholm’s Law of Bandwidth,” IEEE 

Spectrum, Vol. 41, No. 7, pp. 58–60, 2004.  
[2] Kürner, T., Priebe, S., “Towards THz Communications 

- Status in Research, Standardization and Regulation,” 
Journal of Infrared, Millimeter, and Terahertz Waves, 
Vol. 35, No. 1, pp. 53-62, 2014. 

[3] Nagatsuma, T., “THz communication systems,” Optical 
Fiber Communications Conference and Exhibition 
(OFC), pp. 1-90, IEEE, 2017.  

 [4] Frecassetti, M. et al., “D-Band Transport Solution to 
5G and Beyond 5G Cellular Networks,” European 
Conference on Networks and Communications (EuCNC 
2019), Valencia, Spain, 2019.  

[5] Grigat, M. et al., “Propagation Aspects of Terahertz 
Outdoor Fixed Wireless Links,” IEEE 802.15 
Document 15-13-0175-01-0thz, Atlanta, Orlando, 2013. 

[6] Federici, J., Moeller, L., “Review of terahertz and 
subterahertz wireless communications,” Journal of 
Applied Physics, Vol. 107, No. 11, pp. 6, 2017. 

[7] Razavi, B., “Design of millimeter-wave CMOS radios: 
A tutorial,” IEEE Transactions on Circuits and Systems 
I: Regular Papers, Vol. 56, No. 1, pp. 4-16, 2009. 

[8] Tang, A., Chahat, N., Decrossas, E., “CMOS THz 
communication links for wireless applications: Where 
do they fit into mobile access and fixed access?,” 39th 
International Conference on Infrared, Millimeter, and 
Terahertz waves (IRMMW-THz), pp. 1-2, Tucson, 2014. 

[9] Rucker, H., Heinemann, B., Fox, A., “Half-terahertz 
SiGe BiCMOS technology”, IEEE 12th Topical 
Meeting on Silicon Monolithic Integrated Circuits in 
RF Systems (SiRF), pp. 133–136, IEEE, Jan. 2012. 

[10] Khatibi, H., Afshari, E., “Towards efficient high 
power mm-wave and terahertz sources in silicon: One 
decade of progress,” IEEE 17th Topical Meeting on 
Silicon Monolithic Integrated Circuits in RF Systems 
(SiRF), pp. 4-8, IEEE, 2017. 

[11] Eissa, M., Kissinger, D., “A 13.5 dBm Fully 
Integrated 200-to-255GHz Power Amplifier with a 4-
Way Power Combiner in SiGe:C BiCMOS”, IEEE 
Solid-State Circuits Conference (ISSCC), IEEE, San 
Francisco, 2019. 

[12] Rebeiz, G. M., Rutledge, D. B., “Integrated horn 
antennas for millimeter-wave applications,” Annales 
des télécommunications, Springer-Verlag,  Vol. 47, No. 
1-2, pp. 38-48, 1992. 

[13] Hur, S., Kim, T., Love, D. J., Krogmeier, J. V., 
Thomas, T. A., Ghosh, A., “Millimeter Wave 
Beamforming for Wireless Backhaul and Access in 
Small Cell Networks,” IEEE Trans. Communications, 
Vol. 61, No. 10, pp. 4391-4403, 2013. 

[14] Moldovan, A., Ruder, M. A., Akyildiz, I. F., 
Gerstacker, W. H., “LOS and NLOS channel modeling 
for terahertz wireless communication with scattered 
rays,” IEEE Globecom Workshops (GC Wkshps), pp. 
388-392, IEEE, 2014. 

[15] Piesiewicz, R., Kleine-Ostmann, T., Krumbholz, N., 
Mittleman, D., Koch, M., Schoebei, J., Kurner, T., 
„Short-range ultra-broadband terahertz 
communications: Concepts and perspectives,” IEEE 
Antennas and Propagation Magazine, Vol. 49, No. 6, 
pp. 24-39, IEEE, 2007. 

[16] Priebe, S., Jastrow, C., Jacob, M., Kleine-Ostmann, T., 
Schrader, T., Kurner, T., “Channel and propagation 
measurements at 300 GHz,” IEEE Transactions on 
Antennas and Propagation, Vol. 59, No. 5, pp. 1688-
1698, IEEE, 2011. 

[17] Texas Instruments, “WLAN channel bonding: Causing 
greater problems than it solves,” White Paper, 2003. 

[18] Okada, K., Minami, R., Tsukui, Y., Kawai, S., Seo, 
Y., Sato, S., Musa, A., “A 64-QAM 60GHz CMOS 
transceiver with 4-channel bonding,” IEEE Solid-State 
Circuits Conference Digest of Technical Papers 
(ISSCC), pp. 346-347, IEEE, 2014. 

[19] Wu, R., Kawai, S., Seo, Y., Fajri, N., Kimura, K., 
Sato, S., Liu, B., “A 42Gb/s 60GHz CMOS transceiver 
for IEEE 802.11 ay,” IEEE Solid-State Circuits 
Conference (ISSCC), pp. 248-249, IEEE, 2016. 

[20] Eissa, M., Malignaggi, A., Panic, G., Lopacinski, L., 
Kraemer, R. and Kissinger, D., “Modular Wideband 1-
15 GHz Transmitter Channelizer for High Data Rate 
Communication”, 11th Global Symposium on 
Millimeter Waves (GSMM), 2018. 

Proceedings of the 8th Small Systems Simulation Symposium 2020, Niš, Serbia, 12th-14th February 2020

53




