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Pre-5G and 5G: Will The 
mmWave Link Work?
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Any next-generation mobile com-
munications technology has to 
provide better performance than 
the previous generation. With the 

transition from 3G to 4G, for example, theo-
retical peak data rates spiked from around 
2 Mbps to 150 Mbps. Subsequently, LTE-
Advanced Pro has reached Gbps peak data 
rates, with 1.2 Gbps data throughput re-
cently demonstrated.1 In a recent survey on 
5G conducted by Qualcomm Technologies 
and Nokia,2 86 percent of the participants 
claimed that they need or would like faster 
connectivity on their next-generation smart-
phones. The conclusion that can be drawn 

from this is that data rates are always a driver 
for technology evolution.

But 5G is not only targeting higher data 
rates. The variety of applications that can 
be addressed with this next generation is 
typically categorized into what is commonly 
called the “triangle of applications,” shown 
in Figure 1. The hunt for higher data rates 
and more system capacity is summarized 
as enhanced mobile broadband (eMBB). 
Ultra-reliable low latency communications 
(URLLC) is the other main driver, with an 
initial focus on low latency. The requested 
lower latency impacts the entire system ar-
chitecture—the core network and protocol 
stack, including the physical layer. Low la-
tency is required to enable new services and 
vertical markets, such as augmented/virtual 
reality, autonomous driving and “Industry 
4.0.” The triangle is completed by mas-
sive machine-type communication (mMTC); 
however, initial standardization efforts are 
focusing on eMBB and URLLC. All these ap-
plications have different requirements and 
prioritize their key performance indicators in 
different ways. This provides a challenge, as 
these different requirements and priorities 
have to be addressed simultaneously with a 
“one fits all” technology.s Fig. 1  5G application scenarios defined by IMT-2020.
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initial approach to bridge the famous 
“last mile” connection to the home 
was fiber to the home (FTTH). In some 
markets, Verizon sold that business to 
other service providers, such as Fron-
tier Communications.3 To enhance its 
business model, Verizon is develop-
ing its own wireless technology for 
high speed internet connections to 
the home. To be competitive and stay 
future proof, Gbps connections are 
required that outperform what is pos-
sible today with LTE-Advanced Pro.

The achievable data rates over a 
wireless link depend on four factors: 
the modulation, achievable signal-
to-noise ratio (SNR), available band-
width and whether multiple-input-
multiple-output (MIMO) antenna 
technology is used. From the early 
90s to the millennium, the wireless 
industry optimized its standards to 
improve SNR and, thus, data rates. 
At the turn of the century and with 
the success of the Internet, this was 
no longer acceptable; bandwidth 
was increased up to 5 MHz with 

PRE-5G VS. 5G
It takes quite some time to define 

a “one fits all” technology within a 
standardization body, such as the 
3rd Generation Partnership Project 
(3GPP). Several hundred companies 
and organizations are contribut-
ing ideas recommending how the 
challenges and requirements of 5G 
should be addressed. The propos-
als are discussed and evaluated 
and, finally, a de-
cision is made on 
how to proceed. 
At the beginning 
of defining a new 
technology and 
standard that ad-
dress the radio ac-
cess network, air 
interface and core 
network, the process can be quite 
time consuming—time that some 
network operators do not have.

Often, one application is ad-
dressed and, in that case, a stan-
dard is developed that targets just 
one scenario. LTE in unlicensed 
spectrum (LTE-U) is one example in 
4G. The goal was to easily use the 
lower and upper portion of the un-
licensed 5 GHz ISM band to create 
a wider data pipe. 3GPP followed 
with its own, standard-embedded 
approach called licensed assisted 
access (LAA) about 15 months later. 
5G is no different. Fixed wireless 
access (FWA) and offering “5G ser-
vices” at a global sports event like 
the 2018 Winter Olympic Games 
in Pyeongchang, South Korea are 
two examples within the 5G discus-
sion. For both, custom standards 
were developed by the requesting 
network operator and its industry 
partners. Both these standards are 
based on LTE, as standardized by 
3GPP with its Release 12 technical 
specifications, enhanced to support 
higher frequencies, wider band-
widths and beamforming technol-
ogy.

Take the example of FWA. The 
network operator behind this require-
ment is U.S. service provider Verizon 
Wireless. Today’s service providers do 
not just offer traditional landline com-
munications and wireless services; 
they also supply high speed internet 
connections to the home and are 
expanding into providing content 
through these connections. Verizon’s 

s Fig. 2  Coherence time vs. speed for 
three carrier frequencies below 6 GHz.
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TABLE 1

RECEIVER SENSITIVITY LIMIT

Thermal Noise Level (kT) −174 dBm/Hz

Bandwidth Correction (100 MHz) 80 dB

Typical User Equipment Noise Figure 10 dB

Receiver Sensitivity Limit −84 dBm

s Fig. 3  28 GHz path loss vs. cell 
separation, comparing FSPL with 
LOS and NLOS for an urban macro 
deployment, using the ABG channel 
model.
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3G. Initially with 4G, wider band-
width—up to 20 MHz—was intro-
duced, as well as 2 × 2 MIMO. To-
day, with higher-order modulation 
up to 256-QAM, 8 × 8 MIMO and 
bundling multiple carriers in differ-
ent frequency bands using carrier 
aggregation (CA), peak data rates 
have reached 1.2 Gbps. To further 
increase data rates, for the use case 
of FWA, in particular, wider band-
widths are required. This bandwidth 
is not available in today’s sweet spot 
for wireless communications—be-
tween 450 MHz and 6 GHz. More 
bandwidth is only available at 
higher frequencies with centime-
ter and mmWave wavelengths. 
But there is no free lunch. Moving 
up in frequency has its own chal-
lenges.

HIGH FREQUENCY 
CHALLENGES

Analyzing the free space propa-
gation loss (FSPL), path loss increas-
es as frequency increases. Wave-
length (λ) and frequency (f) are con-
nected through the speed of light 
(c), i.e.,

λf = c
and as frequency increases, wave-
length increases. This has two ma-
jor effects. First, with decreasing 
wavelength the required spacing 
between two antenna elements 
(usually λ/2) decreases, which en-
ables the design of practical an-
tenna arrays with multiple antenna 
elements. The higher the order of 
the array, the more the transmit-
ted energy can be focused in a 
specific direction, which allows the 
system to overcome the higher path 
loss experienced at cmWave and 
mmWave frequencies. The second 
effect relates to propagation. Below 
6 GHz, diffraction is typically the 
dominating factor affecting propa-
gation. At higher frequencies, the 
wavelengths are so short that they 
interact more with surfaces, and 
scattering and reflection have a 
much greater effect on coverage.

mmWave frequencies also chal-
lenge mobility. Mobility is depen-
dent on the Doppler shift, fd, de-
fined by the equation:

fd = fcv/c
where fc is the carrier frequency and 
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to use these for its 
initial roll-out of its 
own (Pre-)5G stan-
dard, summarized 
under the name 
5G Technical Fo-
rum.6

From an opera-
tor’s perspective, 
the viability of a 
new technology 
depends on fulfill-
ing the business 
case given by the 
business model. 
The business case 
is governed by 
two main factors: 
the required capi-
tal expenditure 
(CAPEX), followed 
by the cost to op-
erate and maintain 
the network, re-
ferred to as OPEX. 
CAPEX is driven by 
the number of cell 
sites deployed, 
which depends on 
the required cell 
edge performance 
(i.e., the required 
data rate at the 
cell edge) and the 
achievable cover-
age. cmWave and 
mmWave allows 
beamforming that 
helps overcome 
the higher path 
loss, but coverage 
is still limited com-
pared to frequencies below 6 GHz, 
the primary spectrum being utilized 
for wireless communications.

To ensure adequate coverage, 
a link budget analysis is essential. 
Considering the 28 GHz band with 
100 MHz carrier bandwidth, first the 
receiver sensitivity limit is calculated. 
The thermal noise level is ‐174 dBm/
Hz and needs to be adjusted to the 
supported bandwidth of 100 MHz 
per component carrier, as defined in 
the 5GTF standard. In this calcula-
tion, the typical noise figure used for 
the receiver is 10 dB, which results in 
an overall receiver sensitivity limit of  
‐84 dBm/100 MHz (see Table 1). 
Next, the expected path loss is 
determined. Free space path loss 

v is the desired velocity that the sys-
tem supports. The Doppler effect 
is directly related to the coherence 
time, Tcoherence, which may be esti-
mated with the approximation:

Tcoherence ≅ 1/(2fd )
Coherence time defines the time 

the radio channel can be assumed 
to be constant, i.e., its perfor-
mance does not change with time. 
This time impacts the equalization 
process in the receiver. As shown in 
Figure 2, the coherence time de-
creases with increasing speed. For 
example, to drive 100 km/h and 
maintain the link at a carrier fre-
quency of 2.3 GHz, the coherence 
time is about 2 ms. That means the 
radio channel can be assumed to 
be constant for 2 ms. Applying the 
Nyquist theorem, with a time peri-
od of 2 ms, two reference symbols 
need to be embedded in the signal 
to properly reconstruct the chan-
nel. Figure 2 shows that coherence 
time decreases at higher frequen-
cies. For cmWave frequencies, the 
Doppler shift is already 100 Hz at 
walking speed, and it increases 
with higher velocity. Thus, the co-
herence time decreases signifi-
cantly, making the use of cmWave 
and mmWave frequencies in high-
mobility scenarios inefficient. This 
is the major reason why 3GPP’s ini-
tial focus standardizing the 5G new 
radio (5G NR) is on the so called 
non-standalone (NSA) mode, using 
LTE as the anchor technology for 
the exchange of control and signal-
ing information and for mobility. 
With FWA, mobility is not required, 
so Verizon’s technology approach 
can completely rely on mmWave 
frequencies, together with the ex-
change of control and signaling 
information between the network 
and connected device.

28 GHz LINK BUDGET
As explained, the use of antenna 

arrays and beamforming enables 
the use of mmWave frequencies for 
wireless communication. Verizon 
targets the 28 GHz frequency band 
that was allocated by the FCC as 
5G spectrum in 2016,4 with a band-
width up to 850 MHz. With its ac-
quisition of XO Communications in 
2015,5 the operator gained access 
to 28 GHz licenses and is planning 

TABLE 2
28 GHz DOWNLINK LINK BUDGET

Parameter Assumptions Value

Receiver Sensitivity 
Limit 100 MHz −84 dBm

Required SNR 16-QAM, ½ FEC 8 dB

Total Array Gain 16 Elements 17 dB

Estimated Path Loss 1000 m ISD 133 to 156 dB

Required Transmit 
EIRP* 40 to 63 dBmi

*EIRP = Receiver Sensitivity + SNR – Rx Antenna Gain + Path Loss

TABLE 3
REQUIRED MINIMUM CONDUCTED POWER

Required Tx EIRP 40 to 63 dBm

Array Size 64

Beamforming Array Gain 17 dB

Single Element Gain (Typically 5 to 8 dBi) 6 dBi

Minimum Conducted Power 17 to 40 dBm

TABLE 4
28 GHz UPLINK LINK BUDGET

Total Tx EIRP 40 dBm

Path Loss 133 to 156 dB

Bandwidth 100 MHz

Thermal Noise −94 dBm

Rx Noise Figure 6 dB

Minimum Detectable Signal −88 dBm

Required SNR with QPSK and ½ FEC 5 dB

Total Rx Beamforming Gain 24 dBi

100 MHz Rx Signal Bandwidth −107 dBm

Link Margin* −9 to +14 dB

*Link Margin = Total Tx EIRP – Path Loss – Rx Signal

is based on a line-of-sight (LOS) 
connection under ideal conditions. 
In reality, this is not the case, so 
extensive channel sounding mea-
surement campaigns have been 
executed by various companies 
with the help of educational bod-
ies, resulting in channel models 
describing the propagation in dif-
ferent environments and predict-
ing the expected path loss. These 
are typically for LOS and non-LOS 
(NLOS) types of connections. With 
FWA, NLOS connections are nor-
mally used. Early on, Verizon and 
its industry partners used their own 
channel models, despite 3GPP 
working on a channel model for 
standardizing 5G NR. There are, of 
course, differences between these 
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vide such a high 
output power, the 
industry faces a 
philosophy battle 
among companies 
designing these RF 
components. One 
of the challenges 
is to provide com-
ponents with an 
acceptable power-
added efficiency 
to handle the heat 
dissipation. 

Based on this 
analysis, establish-
ing a viable com-
munication link 
in the downlink 
direction with an 
ISD of 1000 m is 
possible. However, 
previous genera-
tions of wireless 
technologies were 
uplink power lim-
ited, and 5G is no 
exception. Table 4 
shows the uplink link budget assum-
ing a maximum conducted device 
power of +23 dBm and the form 
factor of a customer premise equip-
ment (CPE) router with a 16-ele-
ment antenna array. Depending 
on the path loss and the assumed 
channel model, a link margin can be 
calculated that spans quite a range 
(i.e., ‐9 to +14 dB). Everything be-
low zero indicates, of course, that 
the link cannot be closed. Based 
on these rather ideal calculations, it 
can be concluded that an uplink at 
mmWave frequencies with an ISD of 
1000 m is problematic.

For that reason, 3GPP defines a 
5G NR user equipment (UE) power 
class that allows a total EIRP of up to 
+55 dBm.8 Current regulations in the 
U.S. allow a device with such a high 
EIRP but not in a mobile phone form 
factor.9 However, achieving this EIRP 
is a technical challenge by itself and 
may come to the market at a much 
later stage. From that perspective, 
a service provider should consider 
a shorter ISD in its business case. 
Current literature and presentations 
at various conferences indicate that 
cell sizes of 250 m or less are being 
planned for the first-generation of ra-
dio equipment. Now it needs to be 

models. For the link budget analysis 
considered here, one of the earliest 
available models is used.7

Assuming an urban macro (UMa) 
deployment scenario, Figure 3 
displays the expected path loss at  
28 GHz for LOS and NLOS con-
nections compared to FSPL. From 
an operator’s perspective, a large 
inter-cell site distance (ISD) is de-
sired, since the higher the ISD, the 
fewer cell sites are required and the 
lower the CAPEX. However, the link 
budget determines the achievable 
ISD. Various publications show that 
an ISD of 1000 m is a deployment 
goal. Such an ISD results in a path 
loss of at least 133 dB for LOS and  
156 dB for NLOS links using the 
alpha beta gamma (ABG) channel 
model. The next step is to decide 
on the required cell edge perfor-
mance, i.e., the required data rate. 
The data rate per carrier depends on 
the modulation, MIMO scheme and 
achievable SNR. A typical require-
ment is, for example, to achieve a 
spectral efficiency of 2 bps/Hz, i.e.,  
200 Mbps for a 100 MHz wide 
channel. To achieve this, an SNR of 
around 8 dB is required, which in-
creases the receiver sensitivity limit 
further. However, as the receiver is 
using an antenna array, beamform-
ing gain is available, determined by 
the gain of a single antenna element 
and the total number of elements. 
A good approximation in this early 
stage of 5G development is 17 dBi 
for the total receive beamforming 
gain. Based on the estimated path 
loss, the required total equivalent iso-
tropic radiated power (EIRP) and the 
required conducted transmit power 
can be determined. Given the above 
calculations, the required total EIRP 
for the transmit side is between 40 
and 63 dBm (see Table 2). It is a fair 
assumption that using a larger an-
tenna array at the 5G remote radio 
head results in larger beamforming 
gain. Table 3 provides an ideal cal-
culation of what conducted power 
is required to provide the required 
EIRP (17 to 40 dBm). For mmWave 
components, these are high output 
powers, and it is a challenge to the 
industry to design power amplifiers 
and the required circuitry to drive 
the RF front-end and antenna ar-
rays. As not all substrates can pro-

TABLE 5
V5GTF VS. LTE PHY COMPARISON

PHY Parameter LTE Release 8-14 Verizon 5G TF

Downlink (DL) 
Modulation OFDM OFDM

Uplink (UL) 
Modulation

DFT-S-OFDM  
(SC-FDMA) OFDM

Subframe Length 1 ms 0.2 ms

Subcarrier Spacing 15 kHz 75 kHz

Sampling Rate 30.72 MHz 153.6 MHz

Bandwidth 20 MHz 100 MHz

NFFT 2048 2048

OFDM Symbol 
Duration, No CP 66.67 µs 13.33 µs

Frame Length 10 ms 10 ms

# of Subframes/Slots 10/20 50/100

CP Type Normal and 
Extended Normal Only

Multiplexing FDD/TDD Dynamic TDD

Maximum RBs 6, 15, 25, 50, 75, 
100 100

DL/UL Coding Turbo LDPC

determined if a shorter ISD, such as 
250 m, fulfills the business case for 
5G mmWave FWA.

5GTF INSIGHTS
The Verizon 5G standard uses 

the existing framework provided by 
3GPP’s LTE standard. Moving up in 
carrier frequency and factoring the 
increasing phase noise at higher fre-
quencies, wider subcarrier spacing 
is required to overcome the inter-
carrier interference (ICI) that will be 
created. The Verizon standard uses 
75 kHz instead of 15 kHz. A com-
parison of all major physical layer 
parameters is given in Table 5.

In determining 5G network cover-
age, several physical signals should 
be understood. Compared to LTE, 
the synchronization signals (PSS and 
SSS) are transmitted in Verizon’s 5G 
standard in a frequency-division 
multiplexing (FDM) technique, ver-
sus the time-division multiplexing 
(TDM) approach for LTE. Also, a new 
synchronization signal is introduced, 
the extended synchronization sig-
nal (ESS) that helps to identify the 
orthogonal frequency-division mul-
tiplexing (OFDM) symbol timing. 
Figure 4 shows the mapping of the 
synchronization signals (SSS, PSS, 
ESS) contained in special subframes 
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for synchroniza-
tion signals to de-
termine the initial 
timing and physi-
cal cell ID that is 
provided by PSS 
and SSS. The ESS 
helps to identify 
the OFDM symbol 
timing. The next 
step is to perform 
quality measure-
ments—same as a 
CPE would do —
on the BRS to de-
termine which has 
the best receive 
option and maintain and display 
the set of eight strongest received 
beams.

Due to the aggressive timeline 
for early 5G adopters, Rohde & 
Schwarz has designed a prototype 
measurement system that uses an 
ultra-compact drive test scanner 
covering the frequency bands up to 
6 GHz. This frequency range is ex-
tended by using a down-conversion 
approach: down-converting up to 
eight 100 MHz wide component 
carriers transmitted at 28 GHz into 
an intermediate frequency range 
that can be processed by the drive 
test scanner. The entire solution is 
integrated into a battery-operated 
backpack, enabling coverage mea-
surements in the field, for example, 

0 and Z5; they are surrounded by the 
beamforming reference signal (BRS) 
and extended physical broadcast 
channel (xPBCH).

A device uses the synchroniza-
tion signals during the initial access 
procedure to determine which 5G 
base station to connect to and then 
uses the BRS to estimate which of 
the available beamformed signals 
to receive. The standard allows for 
a certain number of beams to be 
transmitted, the exact number de-
pending on the BRS transmission 
period. This information is provided 
to the device via the xPBCH. In its 
basic form, one beam is transmitted 
per OFDM symbol; however the use 
of an orthogonal cover code (OCC) 
allows for up to eight beams per 
OFDM symbol. Depending on the 
selected BRS transmission period 
—there are four options: one slot, 
one, two or four subframes—mul-
tiple beams can be transmitted, on 
which the CPE performs signal qual-
ity measurements. Based on these 
BRS received signal power (BRSRP) 
measurements, the CPE will main-
tain a set of the eight strongest 
beams and report the four stron-
gest ones back to the network. In 
general, the same principles apply 
as for determining coverage for ex-
isting 4G LTE technology. A receiver 
(network scanner) first scans the de-
sired spectrum, in this case 28 GHz, 

s Fig. 4  5GTF synchronization and beamforming reference signals.

Scrambling (OCC)
Depends On Antenna Port

p = 0      1      2      3      4     5      6      7

I =     0          1      2      3      4     5      6      7      8      9    10    11   12    13
0.2 ms

Subframe #0 and #25
0.2 ms

41 PRB

41 PRB

720

719

718

717

716

715

714

713

712

711

710

709k = 

1 
PR

B

18 PRB
(PRB41 to

PRB58)

Used as Demodulation
Reference Signal (DMRS)

s Fig. 5  R&S 5GTF coverage measurement system.

R&S TSMA28 GHz Down-Converter

Filter

Power Ampli�er

Batteries

VCO + PLL

GPS

100 MHz OCXO

s Fig. 6  Using the R&S system in the 
field.



TechnicalFeature

tion tools to determine the actual 
coverage before embarking on net-
work optimization.n
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chronization signals. In a mobile net-
work, based on the CINR, a device 
would determine if the detected cell 
is a cell to camp on. That is usually 
determined based on a threshold 
defined as a minimum CINR based 
on the synchronization signals. This 
is −6 dB for LTE and, for pre-5G, is 
being evaluated during the ongoing 
field trials. In Verizon’s 5GTF stan-
dard, the synchronization signals are 
transmitted over 14 antenna ports 
that ultimately point these signals in 
certain directions. Therefore, the ap-
plication measures and displays syn-
chronization signal power, CINR and, 
in addition, the identified antenna 
port.

SUMMARY
As discussed throughout this 

article, the business case for using 
mmWave frequencies in a FWA ap-
plication scenario stands or falls de-
pending on whether the link budget 
can be fulfilled at an affordable ISD. 
When deploying 5G FWA, network 
equipment manufacturers and ser-
vice providers will require optimiza-

in office buildings. Figure 5 shows 
the setup and its components, and 
Figure 6 shows the scanner being 
used during a walk test in a residen-
tial neighborhood.

An example of the measurement 
results is shown in Figure 7. In the 
screen to the right, the eight stron-
gest beams for all detected carriers 
(PCI) are plotted, including the dis-
covered beam index. The two val-
ues below the actual bar show the 
PCI (top), secondly the beam index. 
The beams are organized based on 
the best carrier-to-interference ratio 
(CINR) being measured for the BRS, 
rather than BRSRP. At the top of the 
screen, the user can enter a particu-
lar PCI and identify the eight stron-
gest beams for that carrier at the ac-
tual measurement position. Also, the 
scanner determines the OFDM sym-
bol the beam was transmitted in, as 
well as which OCC was used. Based 
on the measured BRS CINR, a user 
can predict the possible throughput 
at the particular measurement posi-
tion. Next is the measured synchro-
nization power and CINR for the syn-

s Fig. 7  Example 5GTF coverage measurements.


