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Abstract – Traditionally, the microwave and millimeter-wave 

(μ/mmW) links have been limited by thermal noise. Long microwave 

hops had to connect distant sites of several kilometers. The antennas 

were mounted on high altitude towers. Unwanted interference was 

eliminated with proper link design and frequency re-use plans. The 

link design focused on Free Space Loss, rain and atmospheric 

attenuation. Fading events (e.g., attenuation due to rain or multi-

path) can significantly reduce the received signal level and degrade 

the link performance. In worst case, the microwave connection is cut 

resulting in outage. In the last two decades we observed a rapid 

breakthrough in direct fiber-optical access. The very long microwave 

backbone links have been systematically replaced by fiber-optics 

wherever it was possible by terrain conditions. Consequently, the 

majority of μ/mmW links became shorter and shorter. In urban 

environments, the wireless hops are typically shorter than five-six 

kilometers. On the other hand, there is a huge demand for a flexible 

LTE, 5G and 6G front- and backhaul (commonly called anyhaul). In 

mobile systems the μ/mmW anyhaul became extremely dense. 5G 

and 6G mandate challenging user bit rate and latency requirements. 

To avoid radio interference and support high link throughputs, 

higher and higher carrier frequencies are introduced. State-of-the-

art radios offer excellent possibilities in the millimetric (E, V and W) 

bands. In the paper the long road to nowadays Gigabit radios is 

presented. Starting from the very early microwave experiments, the 

evolution of mobile networks and anyhaul is shown. Finally, some 

design examples are presented for the recent use of the E-band. 

Keywords – 5G, 4G, mobile anyhaul, digital radio, PDH, SDH, 

GbE, System Gain, hop-length, optimization, rainfall, availability. 

I.  A BRIEF HISTORY OF MICROWAVE RADIOS  
FROM FIRST EXPERIMENTS TO MOBILE ANYHAUL 

A. Pioneer Works at Microwave Frequencies 

The history of microwave (μW) and millimeter wave 
(mmW) radios is older than 90 years. One of the very first 
transmission experiments was successfully performed between 
Dover, England and Calais, France over the English Channel in 
1931 [1] Fig.1 shows the three meters diameter antenna of the 
link. The duplex μW link transmitted voice, telegraph and 
facsimile images at 1.7 GHz frequency. The transmit (Tx) and 
receive (Rx) directions used separate antennas. The receiving 
antenna is seen behind the transmitting antenna in the right side.  

During World War II the application of microwave 
frequencies focused on military applications, namely the 
development of RADAR (Radio Detection and Ranging).  

  

Fig. 1. 1931: the first successful μW link between Calais and Dover [1]  

 However, there were a few experiments focusing peaceful 
applications too. One of the most interesting experiments was 
the Moon-RADAR [2][3]. The original idea was to use the 
Moon as a passive repeater for microwave communications. In 
1945-47 a team of Hungarian researchers –led by professor 
Zoltán Bay– measured the Moon-Earth distance using an array 
of microwave dipole antennas (Fig.2).  

 

Fig. 2. 1945-47: The antenna of the Moon-radar experiment [2]  

B. Analog and Digital Radio-Relay Links 

The breakthrough for commercial telecommunication 
application of microwave technology has been started by AT&T 
with the famous ‘Long-Lines’ [4][5]. The first microwave radio- 
relay chain called ‘Long-Lines’ was built between New York 
and Boston. As seen in Fig.3, eight links formed together a 
354 km (220 miles) long chain. Officially AT&T started its 
operation in 1947 [6]. The multi-channel systems operated in the 
4 GHz band and transmitted both telephony and analog 
television (TV) signals. Soon the first ‘Long-Lines’ were 
followed with the 5000 km long New York - San Francisco 
chain having 107 relay stations, in 1951. In several countries, 
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such analog microwave radio-relay links operated for decades as 
trunk lines for traditional PSTN (Public Switched Telephone 
Networks) and analog TV signals. 

 

Fig. 3. 1947: The first μW radio relay chain: the AT&T ‘Long Lines’ [4]  

During the 80’s the old analog radio links were step-by-step 
replaced by digital, mainly PDH (Plesiochronous Digital 
Hierarchy) links in most of the countries [7]-[13]. The PDH 
radio links were soon followed by SDH Microwave Digital 
Radios (MDR) to serve as high-capacity backbone (BB) 
connections [14]. As an example, Fig.4 shows ‘Radio Bridge’, 
an early developed 26 GHz radio-relay utilizing 2-FSK (two-
state Frequency Shift Keying) modulation [12]. The 2 Mbit/s 
(2 Mbps) digital radio was designed and built in Hungary in 
1989. In fact, ‘Radio Bridge’ was the first 26 GHz digital 
microwave radio link installed in Hungary. 

 

Fig. 4. 1989: The first 26 GHz radio link in Hungary [12][13]. 

When a μW or mmW signal is digitally modulated, its power 
is spread over the bandwidth of the radio channel (Fig 5.).  

 
Fig. 5. Spectrum plot the 2-FSK modulated 26.080 GHz radio signal. 

To determine the occupied power bandwidth (OPBW), we 
need to measure the spectrum of the transmitted signal. The goal 
is to maximize the transmission capacity inside the radio’s own 
channel, meanwhile unwanted emissions to any neighboring 
channels must be reduced to the minimum. In the early years of 
digital radio-relay links, the spectral efficiency was weak. 
Spectral efficiency is calculated as the bit rate R transmitted over 
the occupied RF bandwidth B [13]: 

 𝜂 =
𝑅 [bit/s]

𝐵 [Hz]
   () 

As seen in the 2-FSK example of Fig.5, for the transmission 
of the 2 Mbps digital bit rate, a 7 MHz radio frequency (RF) 
channel was occupied. Due to the increasing number of 
microwave links, more efficient modulation modes, such as 
QAM (Quadrature Amplitude Modulation) are required [13]- 
[15]. The technology of μ/mmW semiconductors and integrated 
circuits evolved rapidly together with the adaptation of digital 
signal processing and coding techniques [14]-[20]. The tele-
communications industry has been prepared to deliver reliable 
electronics for the next step: the huge demand for digital radios 
to build mobile networks. 

II. MICROWAVE RADIO LINKS IN MOBILE NETWORKS 

The real ‘big boom’ for μW and mmW digital radio links 
started in the 90’s. In July 1991, the Finnish prime minister  
Harri Holkeri made the first GSM (Global System for Mobile 
Communications) call using the 900 MHz network of the 
Finnish operator ‘Radiolinja’, built by Nokia and Siemens. In 
1992 the first commercial GSM mobile phone, the Nokia 1011 
became available. In most of the countries, earlier analog mobile 
networks have been completely replaced by GSM networks very 
quickly. During a couple of years, hundreds and thousands of 
GSM base stations (BTS) were built serving the quickly growing 
second generation (2G) mobile systems. As seen in Fig.6, in the 
access transmission part, the majority of these base stations were 
connected to the Base Station Controllers (BSCs) by digital μW 
and mmW radios or by Leased Lines (LL). 

 

Fig. 6. 2G mobile network with μ/mmW transmission and transport. 

 In these years (1991-2001), fiber-optical techniques were 
used mainly in the transport and core parts of the early GSM 
networks. Direct fiber-access or satellite BTS connection was 
relatively rare in in European GSM systems. As a result, very 
soon μ/mmW access links have been deployed with such a great 
density, that was unexpected in the earlier years (Fig.7).  
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Fig. 7. A transmission node with extra amount of MDR units. 

A. Evolution of Mobile Networks 

 Starting with the big ‘GSM boom’, in roughly every 10 years 
a new Radio Access Technology (RAT) is launched. The simple 
2G landscape got more and more complicated. The meshed 
3G/2G network (years 2001-20…) is shown in Fig.8. 

 

Fig. 8. Mesh of a 3G/2G mobile network. 

 Since 2010, with the introduction and increasing coverage of 
fourth generation (4G) mobile systems the mobile landscape is 
changing extremely quickly [21]-[32]. The front- and backhaul 
network (NW), commonly called ‘anyhaul’ must provide 
sufficient transmission capacity for the new 4G and existing 
3G/2G cell sites (Fig.9). In the past years, the fifth generation 
(5G) network deployment started, making the mobile landscape 
of Fig.9 even more complex. 

 

Fig. 9. Multi-RAT 4G/3G/2G mobile network [31]. 

 The need for mobile broadband is not stopped in 2021. 
Besides the capacity demand for the legacy Radio Access 
Technologies the new 5G and future coming 6G technologies 
also require wider and wider bandwidths and increased 
capacities. As shown in Fig.10, 5G offers a variety of possible 
new services using a combination of existing and evolving 
systems. Existing systems like LTE-Advanced and WiFi is 
coupled with new 5G access technologies designed to meet 
actual requirements, such as reliability and low latency. As 
shown in Fig.10, there are three main requirement scopes for 5G 
systems: 

• throughput, 

• number of devices, cost, power, and  

• latency and reliability. 

 

Fig. 10. 5G as an enabler for diverse use cases and services [21]. 

B. Continuous Modernization and Optimization 

 With the new 5G Radio Access Points (RAPs) the density of 
cell sites is further increasing, including sites having different 
combinations of 2G base stations (BTS), 3G Node-Bs, LTE 
eNode-Bs or 5G RAPs. The RATs, or simply the ‘generations’ 
are often co-located to save earlier site investments and to 
benefit the capacity of the existing anyhaul. Earlier RATs are 
continuously modernized and ‘re-farmed’ towards 4G and 5G. 
In several countries, there are already ongoing discussions about 
the complete 2G or 3G ‘switch-off’. Considering the facts 
mentioned above with the rapid ‘Fiber-to-the-Site’ deployments 
(Fig.11), a continuous expansion and evergreen optimization of 
the mobile anyhaul have become a daily job for network 
operators and design engineers [30]-[34]. 

 

Fig. 11. ‘Fiber-to-the-Site’ deployment scenario [34]. 

In the near future, more and more cell-site locations will 
receive direct fiber-optical access. Since the introduction of 
mobile broadband data, there is an accelerated research of 
combined fiber-wireless networks. On one hand, fiber-optical 
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techniques can deliver high speed Gbps baseband digital data or 
Gbit Ethernet (GbE). On the other hand, even mmW carriers can 
be transmitted or generated optically [13][33][35]-[38]. Even 
though direct fiber-optical access to each radio cell site would 
be beneficial, due to technical difficulties and business reasons 
it is not yet possible. For a longer period, the mobile anyhaul 
will contain both fiber-optical and μ/mmW wireless links 
(Fig.12). When a cell site or transmission node receives fiber-
access, there is a good possibility to optimize the neighboring 
network. Depending on the topology, the existing μ/mmW links 
“turn” towards aggregation points having fiber-access, as shown 
in Fig.12. Such way, the heavily overloaded transmission nodes 
(e.g., the one sown in Fig.7), that suffer from capacity and 
possible interference problems can be optimized [25][27]. 

 

Fig. 12. Optical-fiber access supporting a transmission node [34]. 

III. EXPLORING NEW FREQUENCY BANDS 

 The early microwave links and long-haul BB connections 
were mainly output power and thermal noise limited. Quality of 
the MDR link was mainly determined by the achievable Signal 
to Noise Ratio (SNR). However, due to the very dense mobile 
access networks a new scenario started. Nowadays the hop-
length of wireless links becomes shorter and shorter, but due to 
the high number of other links in the neighborhood, it is very 
difficult to find available interference-free radio channels [29] 
[39][40]. A continuous need raised for new and interference-free 
frequency bands with allocation plans having wider radio 
channels to support higher and higher transmission capacities. A 
good example was the introduction of 58 GHz band for mobile 
access links. As seen in Fig.13, the atmospheric attenuation is 
very high at 58 GHz, exceeding 10 dB/km [41]. Therefore, only 
very short links can be built in this band [42]-[44]. 

 
frequency [GHz] 

Fig. 13. Specific attenuation due to oxygen (blue line), water vapor 

(orange line), and total attenuation (red line) according to [41]. 

 Due to the high additional loss of atmospheric attenuation, 
the interference becomes negligible in practice. In 2001, the first 
58 GHz radio links were built in Hungary by Nokia (Fig.14). Bit 
Error Rate (BER) measured locally on the site showed that 
BER=10-11 is achievable even in these very high frequency 
bands, supposed proper mmW link design. BER was measured 
with a hand-held BER tester closed inside the BTS cabinet 
(Fig.14) and BER was also monitored in the statistics of the 
Nokia 58 GHz ‘MetroHopper’ radio [42][44]. 

    

Fig. 14. 2001: The first 58 GHz digital radio link in Hungary and its  

field testing with hand-held BER tester [42][44]. 

 As visible in Fig.15, there is a very wide ‘communication 
window’ between the high attenuation peaks of 60 and 120 GHz 
[45]. In this window, the atmospheric attenuation falls below 
1 dB/km, so it is an ideal frequency range for either mobile or 
Fixed Wireless Access (FWA) links.  

 

Fig. 15. Rain and atmospheric attenuation in dB/km vs. frequency [45]. 

 As seen in Table 1, besides the traditional fixed-access 
communication frequency bands of 4, 6, 7, 13, 15, 18, 23, 26 and 
38 GHz, the main standardization bodies, i.e., ITU, CEPT and 
ETSI allocated new frequency bands for fixed wireless links 
[46]-[48]. It is important to emphasize, that in the 71-86 GHz 
band (simply called 80 GHz or E-band) even 2 GHz wide RF 
channels are available. As seen in Table 1, radios of equipment 
class ‘6L’ can communicate with bit rates reaching 10 Gbps. 

 

Table 1. New frequency bands at 50, 52, 55 and 71-86 GHz [46]. 

SM optical-fiber FTTS

data center

FWA
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IV. LINK BUDGET CALCULATION FOR ADAPTIVE RADIOS 

The Received Signal Level (RSL) is calculated as: 

 𝑃RX[dBm] = 𝑃TX
[dBm] + 𝐺TXa

[dBi] + 𝐺RXa
[dBi] − 𝑃𝐿[dB]   () 

where PL is the Propagation Loss. With outdoor units (ODU) 
integrated directly to the antenna (Fig.16), there are no 
additional waveguide, feeder or branching losses in Eq.2 [7]  
[19][21]. According to Fig.16, PTX is the output power at the 
transmitting antenna connection point. PRXth is the receiver 
threshold, the input power at the receiving antenna connection 
point, that is required for demodulation. The receiver sensitivity 
threshold of digital links is defined for a given Bit Error Rate 
(BER). Usually, threshold values of BER=10-6 are used.  GTXa 
and GRXa are the transmitter and receiver antenna gains 
(compared to the isotropic antenna). For simplicity, a single 
polarized link is discussed, so there is no additional loss of 
polarization combiner between the ODU and the antenna. 

 

Fig. 16. Link budget of μ/mmW digital connections. 

The propagation loss PL is calculated as: 

 𝑃𝐿[dB] = 𝐹𝑆𝐿[dB] + 𝐴rain
[dB]

+ +𝐴atm
[dB]

+ 𝐴mp
[dB]

+ 𝐴obst
[dB]

   () 

In clean Line-of-Sight (LoS) condition the obstacle loss Aobst is 
zero. At very high frequencies, the effect of multipath fading Amp 
is not relevant due to the short hops and blocking of any potential 
secondary path by buildings in the urban environment. Arain and 
Aatm are the terms of rain and atmospheric attenuation. The 
unfaded received signal level PRXu is determined by the Free 
Space Loss (FSL, shown as sunny day in Fig.16), the output 
power and the antenna gains: 

 𝑃RXu[dBm] = 𝑃TX
[dBm] + 𝐺TXa

[dBi] + 𝐺RXa
[dBi] − 𝐹𝑆𝐿[dB] () 

The Free Space Loss is calculated as [7][21][23]: 

 𝐹𝑆𝐿(𝑓, 𝑑)[𝑑𝐵] = 92.44 + 20log(𝑓[GHz]) + 20log(d[km])  () 

where f is the link frequency, and d is the hop-length. The Fading 
Margin (FM) is the difference of the unfaded received signal 
level and the receiver sensitivity threshold: 

 𝐹𝑀[dB] = 𝑃RXu
[dBm] − 𝑃RXth(𝐵𝐸𝑅)[dBm] () 

The System Gain (SG) suitably characterizes the transceivers of 
digital µ/mmW radio links: 

 𝑆𝐺mod−𝑛[dB] = 𝑃TX
[dBm] − 𝑃RXth

[dBm]  () 

The International Telecommunication Union (ITU) defines the 
system gain as given in Eq.7 [49]. Please note, that an alternative 
definition also exists for SG, including the transmit and receive 
antenna gains [17]. This alternative SG definition is useful when 
the transceiver is physically integrated with an in-built antenna. 

 In Eq.7 mod-n refers to the possible modulation modes. 
State-of-the-art digital radios can change the modulation mode 
adaptively. At different modulation modes the SG values are 
different. A lower symbol rate has smaller throughput, but 
accordingly, a higher system gain. Depending on the weather 
conditions, the radio link automatically changes its modulation 
mode. As seen in Fig.17, during intensive rainfalls, the 
communication over a well-designed link is not broken, 
however the throughput is reduced [21][50]-[52]. 

 
Fig. 17. Digital radio link employing adaptive modulation and  

providing guaranteed bit rate during intensive rainfall. 

 Combining equations 3-7, a fade margin set can be 
calculated for the possible modulation modes what the digital 
radio can adaptively use in its selected channel bandwidth: 

 𝐹𝑀mod−𝑛
[dB]

= 𝑆𝐺mod−𝑛
[dB]

+ 𝐺TXa
[dBi] + 𝐺RXa

[dBi] − 𝐹𝑆𝐿[dB] . () 

As seen, the higher the system gain is, the better the fade margin 
of the link for given d hop-length and antenna diameters. The  
radio equipment type is usually specified in mobile anyhaul 
projects, so SG, PTX, PRXth are given. Only a few parameters 
remain free when designing new links. Therefore, during the 
planning phase frequency band and antenna diameters shall be 
selected carefully for a given hop-length. Lower frequency 
bands are more ‘valuable’ and shall be reserved for the longer 
links [25][27]. For reducing radio-interference [29][39][40] and 
increasing the FM, preferably bigger dish diameters and 
automatic transmit power control are recommended. At a given 
modulation mode mod-n, the link is operating, as long as the 
fade margin FM is greater than the attenuation caused by rain 
and atmospheric attenuation: 

 𝐹𝑀mod−𝑛
[dB]

> 𝐴rain
[dB] + 𝐴atm

[dB] . () 

 When the attenuation approaches the fade margin due to 
actual path conditions (rainfall, fog, snow, atmospheric 
attenuation and link clearance problem, e.g., unexpected object 
like a crane), the link switches to a lower modulation mode 
(Fig.17). In sunny scenario, the link can switch back to higher 
modulation mode to carry more data again. If the link is already 
in its lowest possible modulation mode, e.g., BPSK ¼ (Binary 
Phase Shift Keying over quarter bandwidth) and the 
corresponding fading margin is exceeded, then the link has 
outage. Proper radio link design must ensure a FM that is 
sufficient to compensate rain and atmospheric attenuation for the 
desired link throughput [23][34] in 99.99-99.995% of the time. 

V. CALCULATION EXAMPLES FOR E-BAND LINKS 

 In the calculations we used typical E-band radio and 
commercial antenna parameters. In the examples the Nokia 
‘Wavence’ radio values are shown, with standard output power 
option and 2 GHz RF bandwidth [51][52]. Naturally, the 
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presented calculation method is general, and applicable for other 
E-band radios too. As seen in Table 2, ‘optical-fiber like’ 
wireless throughputs are achievable up to multi Gbps bit rates. 

mod.  
mode 

PTX 

[dBm] 

PRXth 

[dBm] 

SG [dB] 

BER=10-6 

Throughput 
[Gbps] 

BPSK 1/4 13 -73 86 0.35 

BPSK 1/2 13 -70 83 0.7 

BPSK 13 -67.0 80 1.4 

QPSK 13 -64.0 77 2.8 

16-QAM 10.5 -57.4 67.9 5.6 

32-QAM 10.5 -54.2 64.7 7 

64-QAM 6.5 -51.5 58 8.4 

128-QAM 6.5 -47.8 54.3 9.3 

Table 2. System Gain and radio throughput values for the modulation 

modes in the 2 GHz channel bandwidth [52]. 

 First, radio link throughput curves are calculated for a d = 1 
km long link. In Fig.18, step curves are plotted with the time axis  
marked as % of the year. Steps of the curves show when fade 
margin of a modulation mode becomes smaller than propagation 
losses. The parameter of the curves is the size of the antenna 
pair. Three different antennas have been investigated. The 
smallest in-built antenna diameter is only 12 cm [52]. The slip- 
mount antennas are 38 cm or 65 cm diameter big [53][54]. 

 

Fig. 18. Link throughput as a function of link availability due to rain 

 In the calculations, a rainfall intensity of R0.01% = 42 mm/h or 
stronger is considered in p=0.01% of the time. According to 
ITU-R Rec. P.837, it is a reasonable approach for Central 
Europe, e.g., in Hungary and Slovenia [55]. The ITU-R 
assumption of R0.01%=42 mm/h is confirmed by long term local 
meteorological data collection in Hungary [56]-[59]. When the 
fade margin of the link is not sufficient for the actual rain 
intensity, the radio changes its modulation mode and the link 
throughput is reduced. In Fig.18, the unavailability of 0.01% 
corresponds to a time of cc. 52 minutes per year.  

 The rain attenuation model and its calculation steps are 
discussed in [23][34] following ITU-R P.530 [60]. The path 
attenuation exceeded in 0.01% of the time is given as: 

 𝐴0.01%[dB] = 𝛾R
𝑑

1+𝑑/𝑑0
= 𝑘𝑅α 𝑑

1+𝑑/𝑑0
 , (10.) 

where k and α are constants depending on the frequency and 
polarization of the link, according to ITU-R P.838 [61]. When 
the rain intensity is smaller than 100 mm/h, then: 

 𝑑0 = 35𝑒−0.015𝑅0.01% () 

Please note, that R0.01% > 100 mm/h rain is not relevant in Central 
and Eastern Europe.  

 The solution of Eq.9-11 can be obtained numerically for the 
maximum hop-length for a given frequency band, polarization 
and link availability against rainfall. Calculation results are 
plotted for the link availabilities against R0.01% = 42 mm/h rain-
fall and atmospheric attenuation as a function of hop length d of 
the E-band mmW link. Fig.19 shows the case of 38 cm single 
polarization slip-mounted antennas at both ends of the link.  

 

Fig. 19. Link availability as a function of hop-length and modulation, 

calculated with 38 cm antennas [53] on both ends of the hop. 

 Fig.20 shows availability calculations having 65 cm  single 
polarization slip-mounted parabolic dishes at both ends of the 
wireless link. As seen in Fig.20, d = 1.5 km long links can 
operate with 128-QAM / 9.3 Gbps in 99.99% of the time. In the 
calculations R0.01 = 42 mm/h rain intensity is considered in 
p=0.01% of the time according to ITU recommendations and 
local weather condition statistics [55]-[61]. 

 

Fig. 20. Link availability as a function of hop-length and modulation, 

calculated with 65 cm antennas [54] on both ends of the hop. 

VI. CONCLUSIONS 

 In the paper, several decades of fixed radio link research and 
development have been briefly overviewed. The history of 
microwave communications starting with the first transmission 
experiments and commercial applications of early analog radio- 
relays to digital PDH and SDH links have been discussed. The 
first 26 and 58 GHz digital PDH radio links deployed in 
Hungary were shown too.  
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 It was pointed out that in several countries, the ‘big boom’ 
of μ/mmW links started with the rapid deployment of GSM 
systems. The links of recent μ/mmW anyhaul networks 
significantly differ from the links of legacy terrestrial backbone. 
The dense anyhaul is rather interference than noise limited. It 
can be explained with the densification of the radio network, 
where the individual hops are getting shorter. To deliver the 
required throughputs in multi-RAT mobile networks, and to 
reduce the possible interference in the crowded legacy 
communication bands, new frequency bands have been opened. 

 As shown, GHz wide RF channels are allocated in the E-
band, where state-of-the-art mmW radios can provide ‘fiber-
like’ throughputs in the Gbps range. Even though nowadays 
direct optical-fiber access delivers enormous bandwidth to 
several cell sites, it was shown that fixed μ/mmW digital radios 
are still required in mobile networks. Finally, a calculation 
method was given, and examples were shown for 80 GHz links. 
In the calculation examples, ITU recommendations and local 
rainfall statistics of Central Europe (e.g., Hungary and Slovenia) 
have been considered. In the calculation examples, for simplicity 
only  single polarized and single frequency band links have been 
discussed. But the presented calculation method can be extended 
to the analysis of dual frequency band links using dual-band 
antennas (e.g., combined 23 GHz and 80 GHz link) or for dual-
polarized links (vertical and horizontal polarization on same 
dual-polar antenna). 

 The 90 years history and the still ongoing very intensive 
research of μ/mmW radios as well as recent business forecasts 
clearly show that μ/mmW technology will remain widely used 
in mobile anyhaul networks in the coming years [45][51][62].  

 

ACKNOWLEDGEMENTS 

The author thanks the fruitful discussions and the numerous 
radio tests and measurements that have been performed together 
with Dr.Julianna Györösi and Dr.László Forgó in various radio 
communication laboratories including TKI, the former Research 
Institute for Telecommunications, Hungary, the Communication 
Authority of Hungary, Nokia Hungary, Siemens-Italtel and 
SIAE in Italy, former Alcatel-Lucent in France and Spain 
(presently Nokia), Ericsson in Sweden and MNI, Microwave 
Networks Inc. in USA. The meteorological data has been 
collected by OMSZ, the Hungarian Meteorological Service. The 

author acknowledges the help of Dr. Mónika Lakatos. Special 

thanks to Dr. Gábor Járó for his continuous support at Nokia 

over the past years, to Prof. Bostjan Batagelj at University of 

Ljubljana and Prof. Tibor Berceli at former TKI and at Budapest 

University of Technology and Economics. 

 

LIST OF ABBREVIATIONS 

A attenuation 

Aatm atmospheric attenuation 

Arain rain attenuation 

AT&T American Telephone and Telegraph Company 

B bandwidth 

BB backbone 

BER Bit Error Rate 

BPSK Binary Phase Shift Keying 

BTS Base Transceiver Station, base station 

CEPT European Conference of Postal and Telecommunications 

   Administrations 

d distance, hop-length 

dB decibel  

dBi antenna gain in dB compared to the isotropic antenna 

dBm decibel, using milliWatt as the reference 

ETSI European Telecommunications Standards Institute 

F frequency 

FM Fading Margin 

FSK Frequency Shift Keying 

FSL Free Space Loss 

FWA Fixed Wireless Access 

FTTS fiber to the site 

G Gain 

GRXa antenna gain of the receiver 

GTXa antenna gain of the transmitter 

GbE Gigabit Ethernet 

Gbps Gbit/s 

GSM Global System for Mobile Communications, 

    (in French ‘Groupe Spécial Mobile’) 

ITU International Telecommunication Union 

LL Leased Line 

LoS Line-of-Sight 

LTE Long Term Evolution (4G) 

MDR Microwave Digital Radio 

Mbps Mbit/s 

mmW millimeter-wave 

NW network 

ODU outdoor unit 

OPBW occupied power bandwidth 

PDH Plesiochronous Digital Hierarchy 

PL Propagation Loss 

PSTN Public Switched Telephone Network 

PRXth RX threshold, measured at the receiver input 

PRXu unfaded received signal, measured at the receiver input 

PTX TX power measured at the transmitter output 

QAM Quadrature Amplitude Modulation 

n-QAM n-ary QAM (n=16, 32, 64, 128, 256, etc.) 

QPSK Quadrature Phase Shift Keying (often called 4-QAM) 

R bitrate 

R0.01% rainfall intensity that is exceeded in 0.01% of time 

RADAR Radio Detection and Ranging  

RAP Radio Access Point 

RAT Radio Access Technology 

RF Radio Frequency 

RSL Received Signal Level 

RX receive or receiver 

SDH Synchronous Digital Hierarchy 

SG System Gain 

SNR Signal to Noise Ratio 

TX transmit or transmitter 

TV television 

WiFi Wireless Fidelity 

μW microwave 

2G 2nd generation mobile system (GSM) 

3G 3rd  generation mobile system (UTRAN) 

4G 4th generation mobile system (LTE and LTE-A) 

5G 5th generation mobile system (‘New Radio’) 

6G 6th generation mobile system – research topic 
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