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Overview 

A key goal for 5G (www.ni.com/5g) cellular systems is to achieve a peak data rate of 10 Gbps. Consumer 

adoption of 3G and 4G LTE standards outpaced all other technologies and grew to nearly 3 billion 

connections in less than 15 years. It is now projected that the number of connected devices will exceed 50 

billion by 2020 and mobile data traffic will approach 197,000 PB (petabytes). The combination of high 

bandwidth data capacity, low latency and an exponential number of connected devices lead researchers 

investigating networks operating above 6 GHz as the frequency spectrum. While innovative techniques will 

be put into operation to make more efficient use of already allocated spectrum below 6 GHz, there will be 

a growing need to unlock new spectrum bands for 5G above 6 GHz. 

Communication at mmWave operating frequencies represents the most recent game-changing 

development for wireless systems. Over 20 GHz of spectrum is waiting to be used for cellular or WLAN 

traffic in the 28, 38, and 72 GHz bands alone, and hundreds of gigahertz more spectrum could be used at 

frequencies above 100 GHz. More spectrum makes it possible to achieve higher data rates for comparable 

modulation techniques while also providing more resources to be shared among multiple users. 

NI is providing tools and technologies for prototyping and defining this new frontier for wireless 

communications.  NI’s hardware and software platform enables researchers to innovate faster by providing 

a path from theoretical research to rapid prototyping. With a simplified design flow for creating FPGA-based 

logic high-performance processing, researchers in this field can meet the demands of prototyping these 

highly complex systems with a unified hardware and software design flow. 
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Introduction and need for Millimetre Wave 

Wireless consumers’ insatiable demand for bandwidth has spurred unprecedented levels of public and 

private sector investment to increase network capacity. This demand is also driving wireless researchers 

to develop new ways to address capacity challenges and even explore new network topologies. 

Researchers not only have to address capacity concerns, but offer new features and functions never before 

thought possible. Given the large amount of spectrum available, mmWave presents a new opportunity for 

future mobile communications to use channel bandwidths of 1 GHz or more. 

To transition from concept to reality, researchers must prototype with real signals and waveforms. Using 

these bands for cellular communication poses some unique challenges. Advancements in prototyping and 

availability of cost-effective CMOS technology have strengthened the viability of mmWave communications 

systems. Using the NI’s Milimetre Communication Solutions, researchers can build scalable antenna count 

mmWave testbeds to rapidly prototype applications for channel research and communications prototyping 

using award-winning LabVIEW Communications System Design software and state-of-the-art NI PXI 

modules.  

Using real-world waveforms in real-world scenarios, researchers can develop prototypes to determine the 

feasibility and commercial viability of mmWave networks. As with any new wireless standard or technology, 

the transition from concept to prototype impacts the time to actual deployment and commercialization. And 

the faster researchers can build prototypes, the sooner society can benefit from the innovations.  

 

Figure 1- An example mmWave setup is based on PXI system and modular front ends 

1. Potential R&D Topics of mmWave Communication Systems 

In this section; the intention is to list some research problems that may fall under the subjects of 

mmWave Communication research. The topics might serve as an accessible entry-point for those who want 

to study these fields using the proposed framework. 

mmWave research topics might be divided into 3 main areas:  
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i. Channel Research 

ii. Communication Prototyping  

iii. Signal Processing 

Both topics are open for research and further development.  

For channel research area; research topics including channel sounding measurements, creating and 
validating the channel models are potential candidates for using proposed mmWave measurement system. 
 
The second topic for innovation covers the wide area of any communication prototyping in mmWave 
frequencies. Prototyping of a new physical layer as well as work to determine if any IP from existing sub 6 
GHz standards can be reused are just 2 examples of applications that need to be prototyped. For both 
examples; over the air testing at new mmWave frequencies is the place where proposed mmWave 
Communication System could be uitilized.  
 
The main ingredient of mmWave Communication research and main focus of the proposed system is signal 
processing. In particular, signal processing will play a crucial role in dealing with the impairments of the 
physical medium and in providing tools for processing massive amount of information. FPGA based designs 
are likely be more and more dominant due to their inherent parallel nature and thanks to the recent 
developments in silicon-fabric and also system level design tools such as LabVIEW FPGA.  FPGAs have 
long been used in wireless infrastructure equipment to implement complex signal-processing algorithms 
and they will be used for prototyping 5G wireless infrastructure over the next few years. There really are no 
other alternatives. 
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2. mmWave Communication System Synopsis 

Outlined below is a complete mmWave Communication System that can be used for both channel 

research and communication prototype purposes. It provide the hardware and software required to build a 

versatile, flexible, and scalable (MIMO capable) unidirectional or bidirectional communication over 

millimetre bands and ultra-wide bandwidths of interest to the research community. Powered with NI’s 

modular PXI platform and LabVIEW system design software, the modular nature of the system allows 

growth from SISO to MIMO systems. With the aid of modular add-on products, system can be redeployed 

in other configurations as wireless research needs evolve over time, such as geographically distributed 

unidirectional and bi-directional configurations. 

Using SDR concepts, NI system engineering teams developed the system software and physical layer 

(PHY) for a starting point. The software developed is available as the software component of the mmWave 

Application Framework. 

Table 1 shows the system and protocol parameters supported within the proposed NI mmWave 

Communication System. Readers should note; as the system contains software defined blocks such as 

arbitrary waveform generation and digitizers with FPGAs; parameters (such as modulation schemas, data 

rate) are open for changes and would be modified in future releases. 

Parameter Values 

Base Channel Configurations 

Details available upon request 

Bandwidth per Channel 

Peak Data Rate 

Available Modulation Schemas  
(as of Jan 2016) 

Frequency Plan for mmWave Front-Ends 

Intermediate Frequency (IF) 

Tx Transmit Power 

Antenna Connectivity 

 
Table 1 – mmWave Communication System Parameters 
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3. mmWave Communication System Architecture 

mmWave Communication system; similar to software defined communication systems, consists of 

a central processor unit, FPGA based multiple co-processors, baseband signal blocks, frequency 

translating IF and RF signal chains and channel interface-which in general, application specific airborne 

antenna system. NI’s mmWave Communication System envisioned for research applications, consists of 

these subsystems with higher level of customization, also called a redefined RF system.  

At the heart of the mmWave system lies the PXI platform. PXI stands for PCITM Extension for 

Instrumentation and it is the industry leading, PC-Based Platform for Test, Measurement, and Control. PXI 

combines PCI electrical-bus features with the rugged, modular, Eurocard packaging of CompactPCI and 

then adds specialized synchronization buses and key software features. PXI is becoming popular as a high-

performance and low-cost prototyping and deployment platform for intelligent systems. These systems 

serve applications such as manufacturing test, military and aerospace, machine monitoring, automotive, 

and industrial test. National Instruments is the creator and leading provider of PXI. 

 PXI platform covers system throughput and also modularity-upscale requirements of the mmWave 

research system. Although many configurations are possible with this architecture, proposed mmWave 

Communication System supports up to 2 GHz of instantaneous real-time bandwidth that can scale to 

multiple antennas and be separated in multiple physical sites with various timing and synchronization 

options. 

High level system architecture of the mmWave Communication System is drawn in Figure 2. The 

main hardware ingredients of the system are depicted in detail within the following sections. 

 

 

Figure 2 – High Level System Architecture 

The hardware and software platform elements above combine to form an architecture that scales from 1x1 

uni-directional link into synchronized multiple antenna bi-directional MIMO systems. This document outlines 

1x1 and 2x2 configurations. Each PXI chassis handle the data of the channels installed locally within the 
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chassis and within one extension chassis where multiple channels are required. Each chassis aggregates 

data for centralized processing with FPGA processors and highest-performance PXI controllers.  

In Figure 3, proposed system channel variations are depicted.  

 

Figure 3 – mmWave Comm. System Channel Variations 

 

4. mmWave Communication Hardware and Software Elements 

Designing a modular mmWave Communication system requires six key attributes: 

1. Flexible RF front-ends (i.e. mmWave heads) that can acquire and transmit RF signals 

2. High speed & precision A/D and D/A converters (i.e. Baseband Receiver and Transmitter) for 

transferring the baseband & IF signals 

3. High-performance multi-FPGA processing for PHY and media access control (MAC) execution to 

meet the real-time performance requirements 

4. A high-throughput deterministic bus for moving and aggregating large amounts of data 

5. Clock and trigger synchronization sub-systems for multi-site operation 

6. A high-level, productive software open for custom modifications 

Ideally, these key attributes can also be rapidly customized for a wide variety of research needs. 

NI mmWave Communication System combines high-speed baseband modules, FPGA co-processor 

modules, interchangeable RF front-ends operating at different mmWave frequencies, high-throughput PXI 

sub-systems and LabVIEW software to provide a programmable, robust, deterministic prototyping platform 
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for research. This section details the various hardware and software elements used in the NI-based 

mmWave Communication System. 

RF Front-End Modules 
mmWave Communication System provides modular transmitter and receiver modules (aka mmWave 

heads) for converting the wideband Intermediate Frequency (IF) signals into mmWave frequencies, within 

self-contained enclosure. Front-end modules are connected to the IF signal transceiver (generator or 

receiver) PXI modules. 

Front end modules are manufactured with predefined RF frequencies, includes their own bias and mixer 

circuitry and they are the only items that needs to be replaced for changing the frequency band of interest. 

Antenna connectivity of the front-end modules are typically rectangular waveguides with various diameters. 

High-Speed A/D and D/A Converter Modules 
The mmWave Communication System uses PXI modular instruments for baseband signal generation and 

acquisition. Each module has access to I&Q signals, and satisfy the analog bandwidth, sampling rate and 

dynamic range requirements of the system. 

In order to move the data in real-time, baseband data converter modules use NI peer-to-peer (P2P) 

streaming technology between multiple FPGAs in the system. NI peer-to-peer (P2P) streaming technology 

uses PCI Express to enable direct, point-to-point transfers between multiple instruments without sending 

data through the host processor or memory. This enables devices in a system to share information without 

burdening other system resources and in higher speed. NI P2P technology is supported on PXI Express NI 

FlexRIO field-programmable gate array (FPGA) modules, PXI Express digitizers, PXI Express arbitrary 

waveform generators.   

  

Figure 4-PXIe-6591R High-Speed Module (a) and an example digitizer diagram (b) 

PXI Express Chassis Backplane 
The mmWave Communication System uses PXIe-1085, an advanced 18-slot PXI chassis that features PCI 

Express Generation 2 technologies in every slot for high-throughput, low-latency applications. The chassis 
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is capable of 4 GB/s of per-slot bandwidth and 24 GB/s of system bandwidth, which covers the bandwidth 

and latency requirements of the mmWave communication system. Figure 3 shows the dual-switch 

backplane architecture. Multiple PXI chassis can be daisy chained together or put in a star configuration 

when building higher channel-count systems.  

 

Figure 5-18-Slot PXIe-1085 Chassis (a) and System Diagram (b) 

 

High-Performance Reconfigurable FPGA Processing Module 
NI’s mmWave Communication System uses FlexRIO FPGA modules to add flexible, high-performance 

processing modules, programmable with the LabVIEW FPGA Module, within the PXI form factor. The PXIe-

7976R FlexRIO FPGA module can be used standalone, providing a large and customizable Xilinx Kintex-7 

410T with PCI Express Generation 2 x8 connectivity to the PXI Express backplane.  

 

Figure 6-PXIe-7976R FlexRIO Module (a) and System Diagram (b) 

Multiple FPGA modules can share the common system clock, can transfer data among each other using 

DMA transfers over PCI Express bus. By utilizing the Peer-to-Peer streaming technology these operations 

will not overload the CPU. 
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Clock Synchronization Systems 
Timing and synchronization are important aspects of any system that deploys large numbers of radios; 

thus, they are critical in a mmWave Communication System as well. The PXI system shares a common 10 

MHz reference clock and a digital trigger to start acquisition or generation on each channel, ensuring 

system-level synchronization across the entire system (see Figure 6). The PXIe-6674T timing and 

synchronization module with OCXO, located in slot 10 of the master chassis, produces a very stable and 

accurate 10 MHz reference clock (80 ppb accuracy) and supplies this clock along with a digital trigger signal 

to the additional PXI chassis’ hosting additional channels. For systems physically separated such as 

channel sounding applications, using GPS clock with the PXI-6683 GPS Modules provides another 

synchronization solution. The synchronization architecture proposed offers precise control of each 

radio/antenna element. 

 

Figure 7 - mmWave Comm. System Clock Distribution Diagram (for physically separated site configuration) 

 

LabVIEW System Design Suite 
LabVIEW provides an integrated tool flow for managing system-level hardware and software details; 

visualizing system information in a GUI, and developing general-purpose processor (GPP), real-time, and 

FPGA code; and deploying code to a research testbed. With LabVIEW, users can integrate additional 

programming approaches such as ANSI C/C++ through call library nodes, VHDL through the IP integration 

node, and even .m file scripts through the LabVIEW MathScript RT Module. This makes it possible to 

develop high-performance implementations that are also highly readable and customizable. All hardware 

and software is managed in a single LabVIEW project, which gives the researcher the ability to deploy code 

to all processing elements and run testbed scenarios with a single environment. The mmWave 

Communication System uses LabVIEW for its high productivity and ability to program and control the details 

of such as I/O via LabVIEW FPGA. 
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Figure 8-LabVIEW Project and LabVIEW FPGA Application 
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5. mmWave Communication Software Architecture 

As depicted in Figure 9, each PXIe-1085 chassis aggregates the communication nodes (1 TX and 1 RX is 

shown) and runs real-time signal processing locally. The PXI chassis provides 17 slots open for input/output 

devices, timing and synchronization, FlexRIO FPGA boards for real-time signal processing, and extension 

modules to connect to the extension chassis. 2-way mmWave link requires very high data throughput 

(approx. 3 GB/s) to aggregate and process I and Q samples for both transmit and receive in real time; 

where the PXIe-1085 is well suited, supporting PCI Generation 2 x8 data paths capable of up to 3.2 GB/s 

throughput.

 

Figure 9-mmWave Comm. System – Dataflow Architecture 

System software is designed to meet the system objectives outlined in Table 1 with 16-QAM PHY 

generation and acquisition distributed among multiple PXI chassis. The MIMO PHY processing elements 

distributed among the FPGAs in PXI master chassis. Higher level MAC functions run on the Intel-based 

general-purpose processer (GPP) in the PXI controllers. The system architecture allows for large amounts 

of data processing with the low latency needed to maintain channel reciprocity. 
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A block schematic of the 2x2 MIMO system is given in Figure 10. Sub-components of the software 

(such as MMSE Equalizer, Frequency Domain Equalizer) are also programmed in LabVIEW and open for 

modification (see Figure 11).  

 

Figure 10 - mmWave Comm. System Data and Processing Diagram 

 

Although some aspects of the MAC are implemented in the FPGA, other upper layer processing 

are implemented on the CPU. The specific algorithms being used for each stage of the system is an 

active area of research.   

 

 

Figure 11 – LabVIEW FPGA Based MAC Operations 
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6. Sample Application 

Screenshots from a sample application of streaming data transfer in 1.6 GHz instantaneous 

bandwidth using 16-QAM schema is presented in Figure 12. These values enable an instantaneous data 

throughput of 6.4 Gbps. Notice that the application is based on the reference framework described through 

the this document. 

 

 

Figure 12 –Spectrum and  Constellation of QAM-16 encoded user data (2 synchronized receiver channels) 

In this application; there are 2 channel plots to display the frequency domain spectrum and 

equalized constellations of signal received from a single transmitter. Although a wideband operation is 

given; instantaneous bandwidth is user ad software selectable. Per channel and per signal chain 

optimizations are possible and could be noticed on the left hand side controls. All sample routing, 

aggregation and disaggregation is taken care of under the hood.  
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7. Conclusion 

 NI technology is revolutionizing the prototyping of high-end research systems with LabVIEW 

system design software coupled with the PXI platforms. This reference architecture demonstrates one 

viable option for building a millimetre wave communication system in an effort to aid wireless 

communication research topics such as 5G research. The unique combination of NI technology used in the 

system framework enables a scalable mmWave signal chain with a large number of baseband processing 

units and the PXI Express infrastructure addresses throughput requirements necessary to transfer and 

aggregate data rates over 10 Gb/s on the uplink and downlink. Design flows for the FPGA simplify high-

performance processing on the PHY and MAC layers to meet real-time timing requirements. 

To ensure that these products meet the specific needs of wireless researchers, NI is actively collaborating 

with leading researchers and thought leaders such as Nokia Networks, New York University and similar. 

These collaborations advance exciting fields of study and facilitate the sharing of approaches, IP, and best 

practices among those needing and using tools like the mmWave Communication Prototyping Systems. 

Read more solutions at  ni.com/rf (http://www.ni.com/rf).  

8. Contact Information 

For further details, price inquiries and product demonstrations; feel free to contact NI through the 

following channels: 

ACADEMIC INQUIRIES 
 

GENERAL INQUIRIES 

ENOVAS Mühendislik  
Kaya Sultan Sok. No:83 Hayriye İş Merkezi  
Kadıköy / İSTANBUL 
Mail: info@enovas.com.tr   
Call: +90-216-576 20 61 

National Instruments Türkiye 
Kore Şehitleri Cad. No:1/A  
Şişli / İSTANBUL 
Mail: ni.turkey@ni.com  
Call: +90-212-279 30 31 

 

9. References 
Theodore S. Rappaport, Robert C. Daniels, Robert W. Heath, James N. Murdock  “Introduction to 

Millimeter Wave Wireless Communications” (http://www.informit.com/articles/article.aspx?p=2249780) 

Oct. 2014 

“Make Your Concept a Reality With mmWave” (http://www.ni.com/newsletter/52442/en/) Sep. 2014 

“Prototyping Next Generation Wireless Systems with Software Defined Radios” 

(http://www.ni.com/white-paper/14297/en/) Apr. 2015 

Framing the Future of Wireless (http://www.ni.com/company/engineering-insights/5g/) Jan. 2016  

  

mailto:info@enovas.com.tr
mailto:ni.turkey@ni.com
http://www.informit.com/articles/article.aspx?p=2249780
http://www.ni.com/newsletter/52442/en/
http://www.ni.com/white-paper/14297/en/
http://www.ni.com/company/engineering-insights/5g/

