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Summary  The development of high-speed railway (HSR) systems requires the implementation of 
next-generation communication systems capable of providing reliable data transmission for both 
ETCS (European Train Control System) and ATO (Automatic Train Operation) traffic control systems, 
as well as for passengers. A key challenge in 5G NR (New Radio) networks operating at speeds of 
350-500 km/h is the procedure for changing the cell serving HO (Handover). Unlike mobility in 
commercial networks (speeds typically <120 km/h), the HSR environment is characterized by  
a deterministic motion trajectory, but also by extremely short dwell times in the coverage area of  
a single base station (gNB) and rapid changes in radio channel characteristics [6, 17, 23, 24, 31]. The 
aim of this article is to simulate the effectiveness of standard and advanced mobility mechanisms 
(CHO- Handover with condition, DAPS – Dual Active Protocol Stack) as a function of network 
topology (distances between base stations) and environmental specifics (tunnels, urban areas). 
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INTRODUCTION 

The Future Railway Mobile Communication System (FRMCS) is a new mobile 
communication standard developed specifically for railway systems, which is intended to 
replace the existing GSM-R (Global System for Mobile Communications - Railway) system. 
FRMCS aims to meet the growing needs of railways for reliable, secure, and high-
performance communication for both traditional signaling functions and new digital 
applications such as traffic management systems, train automation, and passenger services 
[9, 13, 16, 17]. In modern rail transport facilities, there is a demand for a wide range of new 
on-board services aimed at various end users, in particular passenger applications, critical 
and emergency services for stakeholders, as well as complementary services related to train 
operation optimization. These services are collectively referred to as the FRMCS system. In 
[7], a network prototype was developed and the associated implementation issues for train 
operations were described, also taking into account the definition of services in the FRMCS 
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system. The project evaluates the performance of the FRMCS via a test infrastructure 
deployed in a railway environment. Representative business, performance, and critical 
services have been thoroughly tested and demonstrated.  

The architecture should ensure the provision of services while the train is traveling through the 
city center using heterogeneous technologies, providing high-bandwidth, low-latency connectivity 
at high speeds. High network bandwidth is essential to ensure high quality of service for 
passengers, while reliable, low-latency connectivity is necessary to transmit data from multiple 
sources to the train control center, driver, or control system in real time. Measurements on HSR 
lines have reported very large Doppler spreads resulting from multiple reflections from traction 
structures, which is dangerous for OFDM (high ICI) [2, 19]. 

1 DOPPLER SHIFT AND LINK DEGRADATION IN HIGH-SPEED RAILWAYS 

The following assumptions were made for the analysis of the problem:  

 base station (gNB) at a fixed point, 

 a train traveling on a track at a speed of 𝑣, 

 wave with carrier frequency 𝑓𝑐. 
Let 𝜃 be the angle between the train's velocity vector and the direction of wave propagation 
(straight line BS–train) (Fig. 1). Then, the standard formula for the maximum Doppler shift 
for electromagnetic waves is used [14, 26, 27]: 

𝑓𝑑 =
𝑣

𝑐
𝑓𝑐cos⁡𝜃       (1) 

where: 

 𝑓𝑑 – Doppler frequency (Doppler shift), 

 𝑣 – relative speed (m/s), 

 𝑐 ≈ 3 ⋅ 108 m/s – speed of light, 

 𝑓𝑐 – carrier frequency (Hz), 

 𝜃 – angle between the direction of motion and the direction of propagation. 
Interpretation of angle 𝜃: 

 𝜃 = 0∘: the train is heading towards the base station – maximum positive Doppler, 

 𝜃 = 180∘: the train is moving away – maximum negative Doppler (in practice |𝑓𝑑| 
the same), 

 𝜃 = 90∘: movement “sideways” relative to the wave – no displacement (𝑓𝑑 = 0). 
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Fig. 1 System geometry 

Figures 2–4 graphically show the effect of the signal arrival angle on the change in 
the frequency of the telecommunications system signal by the Doppler frequency value, 
assuming: 

 range of action eNB Ds = 6 km, 

 minimum distance of the train from eNB Dmin = 50 m, 

 train speed v = 350 km/h, 

 frequency of the signal from the base station f = 800 MHz. 
These graphs show that the zero value of signal frequency shift resulting from the 

Doppler effect is obtained when the receiver located on the train is exactly at a distance 
Dmin from the eNB base station, i.e., perpendicular to the base station (cosΘ(t)=0). 
Additionally, the higher the speed of the train, assuming a fixed location of eNB base 
stations, the more frequent are the changes in the frequency deviation of the railway traffic 
control system signal resulting from the Doppler effect, as shown in Fig. 2. 

 
Fig. 2. Change in the cosine of the signal angle of incidence as a function of train travel 

time at a speed of 350 km/h 
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Fig. 3. Change in Doppler frequency as a function of train travel time at a speed of 350 

km/h  
Fig. 4. Comparison of the change in signal arrival angle when the train is traveling at 50 

km/h (13.889 m/s) and 350 km/h (97.222 m/s) 

 
Example values for high-speed rail of 5G-R, the following assumptions were made: 

 speed up to 𝑣 = 500 km/h ≈ 138.9 m/s, 

 bandwidth 3.5–3.6 GHz (FR1), 

 the speed of sound is irrelevant – we use c (EM waves). 
For 𝑓𝑐 = 3.5 GHz, 𝑣 = 500 km/h, 𝜃 = 0 (worst case) for formula (1): 

𝑓𝑑 =
𝑣

𝑐
𝑓𝑐 =

138.9

3⋅108
⋅ 3.5 ⋅ 109 ≈ 1620 Hz 

The 3GPP/5G-R specification for f_c≈3.6 GHz and v=500 km/h gives a maximum Doppler of 
1667 Hz, which is consistent with the above estimate. This means that [10]: 

 the observed frequency of the receiver increases by approx. 1.6 kHz when the train 
is traveling toward the transmitter, 

 decreases by 1.6 kHz as it moves away. 

2 CHANNEL COHERENCE TIME AND OFDM DEGRADATION 

“Large Doppler” refers to a rapid change in channel over time. The measure is the coherence 
time Tc, or “the time during which the channel remains more or less constant”. For the 
classic Jakes model, the approximation [18]: 
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𝑇𝑐 ≈
0.423

𝑓𝑑
        (2) 

(There are also variants in the literature≈
0.179

𝑓𝑑
; the order of magnitude is the same [18]) 

For 𝑓𝑑 ≈ 1620 Hz: 

𝑇𝑐 ≈
0.423

1620
≈ 261     (3) 

If we use SCS = 30 kHz in New Radio (NR), the duration of one slot is 0.5 ms = 500 µs. This 
means that: 

 the channel changes significantly during a single slot, 

 channel estimation (based on DMRS) must be performed frequently, 

 if Doppler compensation is insufficient, inter-carrier interference (ICI) and a decrease 
in SNR occur [8, 14, 18]. 

3 DOPPLER EFFECT ON THE SIGNAL OFDM (5G NR) 

In OFDM, each symbol is the sum of subcarriers spaced at Δf (Subcarrier Spacing, SCS). 
When there is a Carrier Frequency Offset (CFO) equal to 𝑓𝑑, each subcarrier shifts by the 
same amount, which causes [22]: 

 phase rotation over time, 

 energy transfer between lifts (ICI). 
In order for the ICI to be small, it is usually required that |𝑓𝑑| be significantly smaller than 
SCS. 

|𝑓𝑑| ≪ Δ𝑓         (4) 

For example: 

 SCS = 15 kHz → 1.6 kHz is over 10% SCS, which is already significant, 

 SCS = 30 kHz → 1.6 kHz is ~5% SCS – slightly better [10].  
The 3GPP specification states that at 500 km/h and 𝑓𝑐 = 3.6 GHz for SCS=15 kHz and 30 kHz 
the maximum Doppler of 870 Hz and 1667 Hz is a significant limitation to demodulation 
quality if compensation is not precise [10, 20, 21]. 
In practice, the train's radio channel is not only a direct line (LOS), but also: 

 reflections from traction poles, 

 reflections from viaducts and buildings, 

 scattering from the terrain. 
Each path i has its own angle of incidence 𝜃𝑖, and therefore its own Doppler frequency (5): 

𝑓𝑑,𝑖 =
𝑣

𝑐
𝑓𝑐cos⁡𝜃𝑖        (5) 

The received signal is the sum of the components (6): 

𝑟(𝑡) = ∑  𝑖 𝑎𝑖𝑒
𝑗2𝜋(𝑓𝑐+𝑓𝑑,𝑖)𝑡+𝑗𝜙𝑖      (6) 
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The Doppler spectrum is the power distribution as a function of 𝑓𝑑. For a classic isotropic 
angle distribution, it produces characteristic “horseshoes” (Jakes spectrum), but in the case 
of railway traffic (a highly geometric channel), the spectrum can be asymmetrical, with 
several distinct lines (LOS + dominant reflections) [11, 12, 15, 30]. 

Due to thermal and acoustic insulation, modern rolling stock acts as a Faraday cage. 
Penetration loss for the 3.5 GHz band can range from 25 dB to as much as 35 dB in the case 
of metallized windows. This necessitates the use of Mobile Relay Node (MRN) or on-board 
repeater solutions to transfer the point of contact with the external network to roof 
antennas, eliminating the attenuation of the car body [3].  

The 3GPP standard (Release 15/16/17) defines a number of mechanisms addressing the 
issue of transmission interruptions. In the classic approach, the decision to perform  
a handover is made on the basis of UE measurement reports [1, 28, 30]. 

 Procedure: UE measures the signal of neighboring ORs → condition met (e.g., event 
A: neighboring OR has better propagation conditions than the source by offset) → 
report to gNB → decision → HO command → switchover. 

 Disadvantage of this solution in HSR: Requires a stable connection at the moment of 
“worst signal” (at the edge of the cell). At 350 km/h, a 100 ms delay in sending the 
HO Command means traveling nearly 10 meters, which in conditions of fast fading 
can result in a loss of connection (Radio Link Failure) before the switchover command 
is received. 

Therefore, Conditional Handover CHO (defined in TS 38.300 and 38.331) separates the 
preparation phase from the execution phase. 

 Mechanism: The source gNB has the ORs of neighboring stations (Target gNBs) 
configured in advance. The UE receives the configuration 
(ConditionalReconfiguration) and independently monitors the execution condition 
(e.g., target RSRP > threshold). 

 dvantage in HSR: Eliminates the need to exchange signaling at the critical moment 
of link degradation. When the train enters the coverage area of a new station, the 
UE immediately performs access, which drastically reduces the risk of RLF in highly 
dynamic scenarios [3, 4, 5].  

DAPS (Dual Active Protocol Stack) allows simultaneous connection to the source and 
destination cells during the HO procedure. The UE does not disconnect from the source until 
successful random access (RACH) in the neighboring OR.  This ensures “seamless” handover 
(0ms interruption time at the user layer), which is critical for URLLC (Ultra-Reliable Low 
Latency Communications) services in railways [14, 18]. 
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4 THE IMPACT OF THE ENVIRONMENT AND ROUTE GEOMETRY ON HO EFFICIENCY 

In tunnels, propagation is wave-like. The use of directional antennas or radiating cables 
eliminates the problem of classic multipath fading, but introduces challenges at tunnel 
portals (entrances/exits) related to sudden changes in signal level (e.g., by 20-30 dB) when 
exiting the tunnel into open space. Therefore, it is necessary to use dedicated hysteresis 
offsets for “portal” cells and to prioritize the CHO mechanism, which is triggered 
immediately after an external signal is detected [3]. In tunnels, the problem is not only 
propagation, but also the so-called piston effect affecting air properties (although negligible 
for radio waves, it is important for antenna stability) and the lack of a GPS signal for time 
synchronization. The solution to the DAS (Distributed Antenna System) problem is therefore 
to have multiple transmission points (Remote Radio Heads) in the tunnel that form a single 
logical cell. This prevents the passenger's UE from performing a handover inside the tunnel 
(even if the tunnel is 10 km long). Handover only occurs at the portals (entrance/exit). The 
Portal Strategy involves exiting the tunnel, and due to the sudden change in environment 
(blind spot), a pre-configured CHO should be used. Therefore, the network “knows” that 
the train is in the tunnel and the only escape route is the exit portal, so the HO configuration 
for the external cell should be sent to the UE while still deep in the tunnel [10].  

Viaducts and flyovers (Line-of-Sight) require precise beam control (Beamforming). Due to 
the lack of obstacles (dominant LOS component), there is a strong Doppler effect. 
Therefore, the distance between the gNB and the track is crucial. (Fig. 1). Too short a 
distance (<50 m) with high masts causes the train to pass “under the beam” (null filling 
problem) and shortens the time spent in the antenna side lobes.  

There may be 500-1000 UE terminals (passengers) on the train. Simultaneous HO attempts 
by all devices cause overload of the RACH access channel in the target cell (preamble 
collisions). The solution to this problem may be the implementation of an architecture with 
a Mobile Relay Node (MRN). The network sees the train as a single high-priority device. HO 
is performed only for the backhaul link (Relay-gNB), and passengers remain connected to 
the train's internal network (Wi-Fi/5G small cell) without noticing any changes in the 
external network [28]. 

5 MATHEMATICAL MODEL OF HANDOVER 

For HO to be successful, the train must remain in the overlapping area for a time 𝑇𝐻𝑂. 
Required overlap length𝐷𝑜𝑣𝑒𝑟𝑙𝑎𝑝: 

Doverlap= Vtrain (Tdetect + Tprep + Texec)      (7) 

Where typical values for 5G NR are: 

 𝑇𝑑𝑒𝑡𝑒𝑐𝑡  (time for averaging L3 measurement): 200–400 ms (to avoid errors due to fast 
fading), 

 𝑇𝑝𝑟𝑒𝑝 (signaling Xn + RRC): 50–100 ms. 
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 𝑇𝑒𝑥𝑒𝑐  (synchronization + RACH + Path Switch): 50–100 ms. 
Total time 𝑇𝑡𝑜𝑡𝑎𝑙 ≈ 400--600 ms. 
The algorithm of the prepared simulation program is shown in Figure 5. 
 

 

Fig. 5. Simulation diagram 

As a result of the simulation (Fig. 5), HO switching times and thresholds were obtained for 
different system operating environments.
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Fig. 1. RSRP in the 5G 

 
Fig. 7. Comparison of RSRP 

6 CONCLUSIONS 

The research showed that the frequency of HO procedures is inversely proportional to 
the distance between ISD (Inter-Site Distance) base stations and directly proportional to 
train speed. 
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At speeds >300 km/h, the use of dense small cell networks (ISD < 500m) without  
a coordination layer (e.g., C-RAN connecting multiple RRUs into a single logical cell) leads to 
a so-called “handover storm” and signaling instability in the system. DAPS (Dual Active 
Protocol Station) allows simultaneous maintenance of the connection with the source and 
destination cells during the HO procedure. The UE does not disconnect from the source until 
successful random access (RACH) in the neighboring OR. This ensures “uninterrupted” 
switching (0ms interruption time at the user layer), which is critical for URLLC (Ultra-Reliable 
Low Latency Communications) services in railways. Therefore, it seems necessary to use the 
existing frequencies used in GSM-R for FRMCS in order to ensure adequate propagation 
conditions. Reducing the OR distance may cause inter-cell interference and, at large hub 
stations, a lack of free time slots to ensure connectivity in the case of 19-channel systems, 
as in Poland. 
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