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Part 1: 5G New Radio Standard
5G offers a dramatic improvement over 4G’s capabilities. The physical layer specifications began 
with the Third Generation Partnership Project (3GPP) Release 15, which set the foundation for 5G New 
Radio (NR) and introduced capabilities for enhanced mobile broadband (eMBB) and ultra-reliable, low-
latency communications (URLLC) to achieve extremely fast data rates and provide very low latency in 
wireless communications. Release 16, finalized in 2021, expanded on the foundation and introduced 
new capabilities for use cases such as time sensitive network (TSN) and cellular vehicle-to-everything 
(C-V2X) communications. 

These new capabilities introduced new challenges for device and component designers. 
Measurements become more critical in 5G, as does the need to validate protocols for the many 
different test cases and verify radio-frequency performance  to deliver the expected quality of 
service. Massive multiple-input / multiple-output (MIMO) and beam steering introduce challenges in 
beam management. The use of millimeter-wave (mmWave) frequencies poses challenges in signal 
quality, and the requirement for over-the-air (OTA) testing makes validation even more difficult. This 
four-part white paper series explores the lower layers of the communication stack and considerations 
for addressing new challenges in designing and testing 5G devices.

Embracing 5G
Emerging technologies such as cloud computing, artificial intelligence (AI) and machine learning, 
augmented and virtual reality, the Internet of Things, and billions of connected devices push the 
boundaries of wireless communications systems. 5G technology promises faster, more reliable, and 
near-instant connections. Imagine live events and video games experienced in real time. Phone and 
video calls feel close and intimate. Smart devices paired with AI create a customized and personalized 
environment for everyone.

5G NR works alongside 4G and even utilizes the 4G core network for data and control planes in 
non-standalone mode. 5G, 4G, and Wi-Fi need to coexist on the same carriers and utilize unlicensed 
bands to increase capacity below 6 GHz. 5G NR Release 15 set the foundation to enable flexibility 
that will accommodate future releases of 5G communications. The physical layer is the first step 
in the adoption of 5G NR. It defines the structure that makes up the radio signal and the signal 
communication through the air interface.
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New Challenges Ahead
The challenges associated with implementing device designs in the physical layer include the 
following:

• Flexible time and frequency intervals enable low latency but result in complex channel coding, 
signal-quality challenges, and numerous test cases.

• Bandwidth parts yield more efficient use of spectrum, but this introduces coexistence issues.

• Massive MIMO and mmWave beam steering enable higher throughput and capacity gains, but 
also introduce new challenges in beam management.

• The use of mmWave frequencies allows for greater channel bandwidths but introduces 
challenges in signal quality and the need for OTA tests.

Part 1 of this series introduces the 5G NR specifications and describes the key features that will 
enable advances in 5G. Future installments dive deeper into the challenges of implementing 5G NR 
specifications.
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Terminology

• CP — cyclic prefix

• CP-OFDM — cyclic prefix orthogonal frequency division multiplexing

• CSI — channel state information

• DFT-s-OFDM — discrete Fourier transform spread OFDM

• DL — downlink

• eMBB — enhanced mobile broadband

• FDD — frequency division duplex

• LTE-LAA — Long-Term Evolution Licensed Assisted Access

• MIMO — multiple-input / multiple output

• mMTC — massive machine-type communications

• mmWave — millimeter wave 

• NR — New Radio

• OTA — over the air

• PAPR — peak-to-average power ratio

• SFI — slot format indicator

• TDD — time division duplex

• TTI — transmission time interval

• UL — uplink

• URLLC — ultra-reliable, low- latency communications
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Figure 1. 5G NR release 15 technologies and their benefits

5G NR Specifications
Release 15 specifies a new air interface to enable higher data throughput and low- latency use cases. 
Key to enabling higher data throughput is the addition of mmWave spectrum up to 52.6 GHz. At 
these higher frequencies, more contiguous spectrum is available to send more data through the 
channel. Release 15 specifies a maximum carrier bandwidth up to 400 MHz and up to 16 component 
carriers that, when aggregated, add up to 800 MHz of bandwidth. Also, flexibility and scalability in 
the slot structure help support the many new and diverse use cases expected in 5G. Figure 1 maps 
out the contributions of different specifications to deliver a flexible and scalable physical layer and 
shows the advantages of 5G NR.
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Flexible waveform and numerology

In 5G NR, cyclic prefix orthogonal frequency division multiplex (CP-OFDM) is the modulation format 
(or waveform) in the downlink (DL) and uplink (UL). CP-OFDM use is well-known for DL transmissions 
but is new for UL transmissions in mobile. Having the same waveform in both UL and DL enables 
easier device-to-device communication in future releases. Discrete Fourier transform spread OFDM 
(DFT-s-OFDM) is an optional waveform in the UL. DFT-s-OFDM uses a single transmission, which is 
helpful in limited-power scenarios.
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Unlike 4G, NR allows for scalable OFDM numerology (µ) where the subcarrier spacings are no longer 
fixed to 15 kHz. With NR, subcarrier spacing scales by 2µ x 15 kHz to cover different services. Lower-
frequency bands use 15, 30, and 60 kHz subcarrier spacings, and higher frequency bands use 
60, 120, and 240 kHz subcarrier spacings. Scalable numerology enables scalable slot duration to 
optimize for different service levels in throughput, latency, or reliability. Larger subcarrier spacing at 
higher frequencies also helps with the robustness of the waveform since integrated phase noise is an 
issue in mmWave designs. Figure 2 shows how the different subcarrier spacings and the transmission 
time interval (TTI) associated with each scales the size of the slot.
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Figure 2. Relationship between subcarrier spacings and time durations

In an OFDM system, using cyclic prefix (CP) mitigates the effects of channel delay spread and inter-
symbol interference (ISI). CP provides a buffer to protect the OFDM signal from ISI by repeating the 
end of the symbol at the start of the same symbol. While this reduces the achievable data rate, it 
eliminates the ISI up to the length of the CP. In 5G NR, as subcarrier space changes, the CP length 
scales accordingly, making it possible to adapt the CP length to the channel conditions.
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Low latency mini-slots

URLLC is one of three primary 5G use cases and is achieved partially through mini-slots. In Long 
Term Evolution (LTE), transmissions adhere to the standard slot boundaries, but they are not 
optimized for minimal latency. A standard slot has 14 OFDM symbols, shown in dark blue in Figure 3. 
As the subcarrier spacing increases, the slot duration decreases, as shown in light blue. A mini-slot 
is shorter in duration than a standard slot and located anywhere within the slot. A mini-slot is 2, 4, or 
7 OFDM symbols long. Mini-slots provide low-latency payloads with an immediate start time without 
the need to wait for the start of a slot boundary.
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Figure 3. Slots and mini-slots within a subframe and their associated slot duration time
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Flexible slot structures

NR subframe structure also allows for dynamic assignments of the OFDM symbol link direction and 
control within the same subframe. By using this dynamic time division duplex (TDD) mechanism, 
the network dynamically balances UL and DL traffic requirements and includes control and 
acknowledgment all in the same subframe. The slot format indicator denotes whether a given OFDM 
symbol in a slot is used for uplink or downlink, or if it is flexible.

UL control

DL control

DL

UL

DL

UL

DL only

UL only

Figure 4. Slot structure can be mixed to improve traffic dynamically
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Flexible bandwidth parts

In LTE, carriers are narrower in bandwidth — up to 20 MHz maximum. When aggregated, they 
create a wider channel bandwidth of up to 100 MHz. In 5G NR, the maximum carrier bandwidth is 
up to 100 MHz in frequency range 1 (FR1) — up to 24 GHz — and up to 400 MHz in frequency range 
2 (FR2) — up to 52.6 GHz. New in 5G NR are bandwidth parts where the carrier is subdivided for 
different purposes. Each bandwidth part has its own numerology and is signaled independently. One 
carrier can have mixed numerologies to support a mixed level of services, such as power saving or 
multiplexing of numerologies and services in unlicensed bands. However, only one bandwidth part in 
the UL and one in the DL are active at a given time. Bandwidth parts will support legacy 4G devices 
with new 5G devices on the same carrier. With 4G, 5G, and potentially Wi-Fi multiplexing services, it 
is necessary to minimize both in-band and out-of-band emissions. Figure 5 shows examples of how 
bandwidth parts support different services in a given carrier.
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Figure 5. Bandwidth parts support multiplexing of different services on the same carrier
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Greater throughput through massive MIMO and  
beam steering

Just like any previous generation upgrades, throughput is key to making 5G communications 
successful. 5G boosts throughput in multiple ways:

• Wider overall channel bandwidths enable sending more data through the air interface.

• Spatial multiplexing sends independent streams of data through multiple antennas at a given 
time and frequency, and uses enhanced channel feedback to improve throughput.

Enhanced channel feedback improves throughput since the signal is optimized for transmission with 
advanced channel coding.

Massive MIMO and beam steering technologies improve throughput. NR release 15 specifies 
frequency use up to 52.6 GHz with up to 400 MHz bandwidth per carrier and aggregation of 
multiple carriers for up to 800 MHz channel bandwidth. Operating at mmWave frequencies, 
however, introduces challenges in path loss, blockage, and signal propagation. Beam steering is 
a key technology to overcome these issues. NR specifies new initial access procedures to ensure 
alignment of the directional transmissions used in beam steering. Figure 6 shows new initial access 
techniques where the base station uses beam sweeping to transmit multiple beams, identify the 
strongest beam, and establish a communication link. Validating initial access, beam management, 
and throughput achieved through the wireless link are key factors for successful beam steering 
implementation in 5G.

Figure 6. Beam sweeping and initial access
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CSI to improve beamforming reliability

Channel state information (CSI) helps with 5G NR beamforming reliability. 5G NR specifies a new 
beam management framework for CSI acquisition. The framework reduces coupling between CSI 
measurements and reporting to control different beams dynamically. CSI uses channel estimation 
to intelligently change the precoding and adapt the beam to a specific user. The better and more 
precise this CSI information, the better the link adaptation.

A 5G NR waveform

It is important to understand the frequency-, time-, and modulation-domain analysis of 5G NR 
waveforms. It is essential to have software and hardware that can create and analyze a 5G waveform 
for different use cases at sub-6 GHz and in the new mmWave frequencies with greater bandwidths. 
New capabilities in NR specifications — including flexible numerologies with different subcarrier 
spacing, dynamic TDD, and bandwidth parts — add to the complexity of creating and analyzing the 
waveform. Figure 7 shows two NR waveforms created with Keysight’s 5G Signal Studio software and 
signal generators and the associated analysis done by Keysight’s 89600 VSA NR software.

An analysis of a 400 MHz bandwidth, 256 QAM NR signal 
at 39 GHz

A simultaneous analysis of 5G NR and 4G LTE carriers in 
adjacent bands

Figure 7. Using 5G signal generators, signal analyzers, and VSA software to analyze 4G and 5G waveforms
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Design and Test Must Evolve
5G offers many advances in throughput, low latency, and massive machine-to-machine 
communications. The initial 5G NR release 15 provided flexibility and forward compatibility, but 
these benefits present significant implementation challenges. Along every measurement step — 
through simulation, design, and validation — are considerations and challenges in meeting these 
standards. Design and test for 5G devices must evolve to accommodate validation of the many 
required test cases. 5G devices need to ensure robust, high-throughput connections at mmWave 
frequencies and design for coexistence of 5G NR with 4G and Wi-Fi. In part 2 of this four-part 5G NR 
white paper series, we review the challenges with implementation in the mmWave frequencies and 
considerations for your 5G NR device design.

Table 1: Applicable Keysight hardware

Signal analyzer Signal generator 110 GHz

UXA PXA MXA PSG-D VXG

N9042B N9041B N9040B N9032B N9030B N9021B E8267D M9484C M9383B

Max. 
frequency

110 GHz 110 GHz 50 GHz 26.5 GHz 50 GHz 50 GHz 44 GHz 54 GHz 44 GHz

Max. 
bandwidth

4 GHz  
(11 GHz 1)

1 GHz 
(9.6 GHz 1)

1 GHz 
(1.2 GHz 1)

2 GHz
510 MHz 

(0.9 GHz 1)
510 MHz 

(0.9 GHz 1)
80 MHz 
(2 GHz 2)

2.5 GHz 
(5 GHz 2)

2 GHz 
(4 GHz 2)

Phase noise  
at 10 GHz,  
10 kHz offset

-126 dBc/
Hz

-126 dBc/
Hz

-126 dBc/
Hz

-126 dBc/
Hz

-124 dBc/
Hz

-121 dBc/
Hz

-129 dBc/
Hz

-129 dBc/
Hz

-127 dBc/
Hz

1 Support maximum analysis bandwidth with wide IF output option and an external digitizer.
2 Get up to 4 GHz of RF bandwidth with wideband external differential I/Q inputs.
3 Get up to 5 GHz of RF bandwidth with dual-channel bonding.
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For more information on 5G NR, visit Keysight’s 5G Solutions webpage. You can also find insights for 
the different components of the 5G mobile ecosystem at the following webpages:

• For chipsets, click here

• For devices, click here

• For base stations, click here

• For networks, click here

You can access the different parts of the First Steps in 5G white paper series by clicking on the 
respective links:

• First Steps in 5G – Part 1: 5G New Radio Standard

• First steps in 5G – Part 2: Millimeter-Wave Spectrum

• First Steps in 5G – Part 3: MIMO and Beamforming

• First Steps in 5G – Part 4: Over-the-Air Test

Keysight enables innovators to push the boundaries of engineering by quickly solving 
design, emulation, and test challenges to create the best product experiences. Start your 
innovation journey at www.keysight.com.
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