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2. THZ BEAMFORMING DEMONSTRATOR 

In this Section, we present our goals, plans, timeline and share of workload with respect to 

the THz Beamforming Demonstrator related to Task 6.1 (T6.1) of WP6.  

This demonstrator investigates RF frontend architectures and baseband algorithms to 

implement and evaluate the performance of beamforming at 300 GHz. Considering 

frequencies above 200 GHz, there exist no experimental studies for the calibration and 

stability control of communication systems utilizing phased arrays. Meanwhile, new THz 

frontend integrated circuit solutions have been explored and realized, while DSP algorithms 

for the compensation of the signal degradation have been designed. 

One of the main challenges in the implementation of this demonstrator is the compensation 

of the phase noise, since low phase noise fundamental oscillators are difficult to be realized 

in THz frequencies.  Thus, the differential phase noise between the different paths of the 

digital beamformer becomes critical for the stability of the system performance. To this end, 

the phase noise has been experimentally studied and schemes for its efficient compensation 

have been developed and are still been optimized. Please refer to Section 6.4.1 of D5.1 [2-1] 

and  Section 3.1.3 of D5.2 [2-2].  

2.1 Overview of demonstration goals 

2.1.1 Main building blocks and partners’ responsibility 

The main building blocks of this demonstrator, as described in T6.1, are the baseband unit 

(BBU) (including the MAC/PHY and beamforming), the RF frontend and the THz antenna array, 

which are illustrated in Figure 1. However, in order to be more precise, these blocks have been 

further divided in smaller parts and the ones, that were missing, have been also introduced.  

 

Figure 1: Diagram of the main building blocks 

Each baseband unit includes an FPGA-based modem, where the beamforming along with the 

other MAC and PHY layer algorithms will be implemented. Furthermore, each BBU includes 

with A/D and D/A converters that interface to the RF frontend. ICOM is responsible for the 

hardware and software corresponding to the baseband unit.  

FhG-IAF is responsible for all the THz analogue circuits, the generation of the LO, and the THz 

antenna, as well as the integration in a portable package, which is defined as the RF frontend. 

The antennas utilized at the THz beamforming demonstrator are an array with four horn 

antenna elements on one side and a single horn antenna on the other side. The setup can be 

modified to test either Rx beamforming or Tx beamforming. The RF frontend prototype is 

modular and components as well as the antenna can be exchanged where needed. 
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The interface between the board with the A/D-D/A converters and the RF frontend has been 

specified after a close collaboration between FhG-IAF and ICOM. Both partners are 

responsible for its implementation to guarantee the interconnection of their units. 

Finally, as the MAC algorithms derived in WP4 are of high complexity in order to be 

implemented in the real-time demonstrator, off-line testing of these algorithms will be 

conducted by UPRC. Specifically, the evaluation will be based on experimental data extracted 

from the THz beamforming demonstrator, which will be processed off-line. 

In brief, the contributing partners along with their responsibilities related to T6.1 are listed in 

Table 1 below. 

Table 1: Work allocation 

Partner Responsibility 

ICOM 
Baseband units with FPGA-based mmWave modem and boards with A/D-
D/A converters 

FhG - IAF 
THz RF frontend and THz antennas, package integration and bias supply of 
the frontend. Generation of the LO signal. 

UPRC 
Off-line signal processing using experimental data to assess the MAC layer 
algorithms, i.e. user discovery procedure 

 

2.1.2 Demonstration goals 

The main goal of the THz beamforming demonstrator is to test beamforming by digital phase 

shifting of the baseband signals and the ability to steer the beam, i.e., the steering angle. It is 

of interest to explore the experimental limitations of this approach in comparison to idealized 

simulations and to refine models for future array optimization for an integrated solution. 

Specifically, beamforming algorithms need to be able to steer the angle of the beams between 

the Tx and the Rx using the signal-to-noise ratio (SNR) at the receiver. This is the simplest form 

of beamsteering but also a fundamental experimental requirement before algorithms of 

higher complexity can be studied. 

Moreover, it is desirable to achieve a stable system performance with acceptable 

beamsteering accuracy. This implies that the antenna beam squinting should be eliminated 

and the angle of misalignment should be minimized. In this context, different LO generation 

schemes will be compared, which will be a vital experimental information for the design of 

hybrid beamforming topologies in the future. The three different scenarios of Figure 2a-c will 

be implemented. Figure 2a depicts the first scheme, which generates the local oscillator at 

2.083 GHz using four synchronized DDS sources with the option to shift their relative phase to 

each other for beamforming. The second scheme, illustrated in Figure 2b, derives the LO for 

the four channels from a single reference signal at 8.333 GHz using a passive 1:4 splitter. The 

third scheme, in Figure 2c, splits the reference signal at 100 GHz and distributes it to the four 

receiver MMICs. It is also important to get experimental information on the impact of the 

phase noise of the reference signal for all of these three schemes. For the scheme of Figure 

2b, different stabilized signal sources will be compared (e.g. PLL, DRO, DDS-X4, with different 

filter bandwidths). 
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element antenna for the targeted distance is based on experiments conducted with the single 

channel Tx and Rx. Meanwhile, these experiments have also indicated that a non-line of sight 

path can be neglected to first order, if the antennas are placed at a height greater than about 

30 cm above the table surface. Absorbing materials could be used to test this assumption, 

backed-up by ray-tracing simulations by UOULU. Besides, the Tx and Rx antennas will be 

placed on the same height, i.e., alignment will be granted on the elevation plane. As a result, 

beamforming will be implemented only on the azimuth plane. 

In the following, the two different system configurations of the setup to be demonstrated are 

presented. The THz beamforming demonstrator is a point-to-point system composed of a Tx 

and a Rx which communicate only in a single direction employing real-time transmission and 

beamforming. The 4-element antenna array will be first placed at the Rx side and then at the 

Tx side. The opposite side uses a single horn antenna element.

 

Figure 3: Receive beamforming system architecture 

The block diagram of the setup that demonstrates the beamforming at the Rx side, is provided 

in Figure 3. The antenna array is placed at the Rx side in this scenario, and all four ADCs of the 

converter PCB are utilized. The single-element Tx utilizes only one of the four DACs. Since no 

information feedback from the Rx to the Tx is required, this scenario is easier and will be 

studied first. Hereby, the beamforming vectors will be optimised at the Rx in an adaptive 

manner in order to achieve a stable performance in terms of beamsteering and enhance the 

overall system performance, i.e., compensate the introduced impairments. 

An illustration of the setup for transmit beamforming is depicted Figure 4. In this scenario, the 

beamforming at the Tx should be ideally assisted by feedback information provided by the Rx. 

There is ongoing work on how the required feedback will be calculated and fed back to the Tx 

in order to achieve effective beamsteering and signal reception. As the communication is not 

bidirectional, this information will be fed to the Tx via a cable. 
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Figure 4: Transmit beamforming system architecture 

2.2 Planned demonstrator implementation 

In the following, we elaborate on the implementation details of the THz Beamforming 

demonstrator components and provide a timeline for the planned implementation of the 

building blocks.  

 

Figure 5: Baseband units with converter boards 

2.2.1 Implementation details  

2.2.1.1 FPGA-based modem and AD/DA converters 

The baseband units implemented by ICOM are illustrated as a block diagram in Figure 5. Each 

BBU hosts the FPGA, where the signal processing is performed. Two BBUs will be involved in 

the design of the THz beamforming demonstrator, one realizes the functions for transmission 

and the other one those for reception. The beamforming will be implemented either at the Tx 

or at the Rx side (see also Section 2.1.1) and the 4-channel frontend will be connected to the 

Tx BBU or the Rx BBU, respectively. 

In Figure 6 and Figure 7, it can be seen that the BBUs will connect to the ADC and DAC boards 

utilising high-speed digital interfaces. The ADC and DAC boards will include four ADC and DAC 
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chips. This is related to the fact that digital beamforming with four antenna elements will be 

implemented. However, it should be noted that in the side where the single antenna will be 

connected, only one ADC or DAC will be utilised. 

Besides, both converter boards will include a synchronisation unit, as all four converters need 

to be fully synchronised in both boards. Finally, the converter boards will interface to the RF 

Front End from FhG IAF through SubMiniature version A (SMA) type connectors and RF cables. 

 

Figure 6: Board with DACs 

 

Figure 7: Board with ADCs 

In Figure 6, the analogue signal at the DAC output passes through a low-pass filter, followed 

by a driver amplifier and an attenuator in each chain. Respectively, the analogue signal at the 

input of the SMA connector passes through a low noise input amplifier and a low-pass filter, 

followed by an automatic gain control (AGC) stage before each ADC as illustrated in Figure 7. 
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2.2.1.2 THz RF frontend and THz antennas 

A 4-channel THz frontend will be used for proof-of-concept. The hardware prototype for the 

development phase of the demonstrator will be modular using individual waveguide modules. 

More details can be also found in [2-3]. 

This frontend allows the experimental investigation of different scenarios for the LO 

generation and the direct comparison of the impact on the system performance and stability. 

Figure 8 gives an overview of the block diagram and the current physical implementation 

including the current horn antenna. All blocks are realized by individual waveguide 

components with their own bias supply. It is planned to use either the 4-channel Rx array or 

the 4-channel Tx array, and to emulate the transmit or respectively the receive beam by a 

single horn antenna of 26 dBi. The side with the single horn antenna will be moved 

mechanically. Depending on the final environment, the antenna gain can be adjusted by using 

a horn antenna of different gain. Two options will be provided, namely 23 dBi and 26 dBi.  

The local oscillator will be generated by a multiplier-based approach and can be adjusted 

approximately between 270 and 315 GHz. The Rx and Tx frontend MMIC integrate a 

multiplier-by-3. The LO input frequency is 100 GHz for operation at a carrier frequency of 300 

GHz, for example. The X12 are multiplier-by-12 modules. In the block diagram of Figure 8, the 

reference oscillator is generated by a 4-channel DDS-based signal source with adjustable 

phase; further options will be implemented and tested as outlined in Section 2.1.2. 

     

Figure 8: Block diagram and photograph of the 4-channel THz frontend for initial development of the 
demonstrator. 

The electrical characteristics of the individual channels of the receive array are summarized in 

Table 3. In this version, no baseband amplifier is implemented on the receiver MMIC; instead 

it must be implemented at an ADC interface board or on an additional analogue signal 

conditioning board. The typically received voltage swing at the I/Q ports is 25-75 mVpp for an 

optimized link budget at the I/Q connector, with no baseband amplifiers. The analogue signal 

conditioning board adjusts the voltage swing above half-scale of the ADC, with variable gain 

to avoid clipping near full-scale input voltage (see Figure 7). The board also implements the 

single-ended to differential signal conversion. The IQ-mixer and the ADCs, respectively the 

DACs are AC coupled with a lower frequency of 1 kHz. 

Table 3: Typical RF Parameters of each Rx channel for prototyping 

Parameter Value 

Rx Conversion gain 8 dB 

Carrier frequency 270 – 320 GHz 
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RF Bandwidth > 40 GHz 

Maximum allowed RF input power -25 dBm 

  

Rx baseband amplifier to be implemented on baseband interface PCB 

I/Q baseband interface 50 Ohm, single-ended, dc-coupled 1) 

I/Q baseband connectors V-connector 

X12 input frequency  7.5 – 8.75 GHz 

X12 input connector K-connector, compatible to SMA 

  

Power supply 5 V, 400 mA 2) 

Dc connectors pluggable SMB 
1) The frontend is actually DC-coupled to the connector interface. AC coupling is implemented on 

the ADC/DAC boards 

2) The power supply of the 4-channel Rx will be implemented by the IAF and a common interface 

6V/ 1600 mA will be provided to improve the portability of the system. The complete system 

including the power supply board for all modules will be provided in a housing. 

A single channel transmitter is used in the setup with the same multiplier-based concept for 

the signal generation. The typical RF parameters of the Tx are summarized in Table 4. All the 

link budget simulations should assume a linear transmit power of minimum -10 dBm. Since it 

is planned to replace the current prototype hardware of Figure 8 by an improved version 

towards the end of the project, a higher transmit power is expected. 

Table 4: Typical RF Parameters of the Tx for prototyping 

Parameter Value 

Lin. Transmit power at 300 GHz -10 dBm 

Lin conversion gain (I resp Q channel) 0 dB 

Typ. lin. voltage range of interest 100 – 200 mVpp, single ended, 50 Ohm 

Carrier frequency 275 – 315 GHz 

RF Bandwidth typ. 40 GHz 

Maximum allowed IF input power -5 dBm, 50 Ohm input impedance 

  

Tx buffer amplifier not implemented 

I/Q baseband interface 50 Ohm, single-ended, dc-coupled 

I/Q baseband connectors V-connector 

X12 input frequency  7.5 – 8.75 GHz 

X12 input connector K-connector, compatible to SMA 

  

Power supply 5 V, 400 mA  

Dc connectors pluggable SMB 
 

A housing for the 4-channel THz frontend will be designed to integrate the bias supply for all 

modules and the generation of the LO reference signal, and distribution of this signal to all 

four channels. FhG-IAF is responsible for the design and coordination with ICOM. 

The current horn antenna array is composed of four waveguide horns with a WR-3 waveguide 

interface. The antenna array has been described and studied in detail, in Section 6.4.2 of D5.1 

[2-1] and Section 3.1.1 of D5.2 [2-2].  
















































