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Abstract 

The growth in mobile data traffic is forcing network operators to find ways to deliver higher 

bandwidth, better coverage, and better quality of service (QoS) at lower development costs. 

One method that can be used to meet this need is the aggregation technique. Aggregation 

techniques that run on several different technologies are called heterogeneous networks 

(HetNet). Recently, some advanced technologies have been proposed to aggregate different 

long-term evolution (LTE) carriers or different radio access technologies (RAT) to generate 

higher bandwidth. Many efforts have been made to improve the throughput of 

heterogeneous networks. One of the factors that affects the maximum LTE-WLAN 

aggregation (LWA) throughput is the Wi-Fi access point (AP) signal strength. Since the 

power of small cells is very low, the LWA range is not very large, so the LWA range needs 

to be increased. This paper proposes the solution that can be implemented by using multiple 

Wi-Fi APs scheme. From the experiments, it found that LWA with multiple Wi-Fi APs has 

better signal strength than LWA with a single Wi-Fi AP. LWA with multiple Wi-Fi APs 

further increase the coverage of the network.  
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1.  Introduction  

The dramatic increase in mobile data traffic is pushing operators to find ways to 

deliver higher bandwidth, wider coverage, and better Quality of Service (QoS) at lower 

development costs. One of the solutions that can be used to answer this need is 

aggregation technique. The aggregation technique carried out on several different 

technologies which is known as the heterogeneous network (HetNet) [1]. A HetNet 

which is connecting devices with different systems and/or protocols is one of potentials 

technology for 5G [2]. The 5G technology requirements of low latency, high connection 

density, and high throughput can be supported with HetNet.  

Recently, some advanced technologies have been proposed to aggregate different 

long-term evolution (LTE) carriers or different radio access technology (RATs) to 
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generate higher bandwidth [3]. In addition to LTE bandwidth aggregation, inter-RAT 

aggregation or offloading is another cost-effective solution for gaining bandwidth [4]. 

One of the HetNet technologies is to aggregate between LTE and Wi-Fi. Wi-Fi is chosen 

because it has high availability and has advantages in indoor coverage. Wi-Fi is often 

used by carriers to supplement the bandwidth needs of existing mobile infrastructure 

such as LTE. Traditionally, wireless local area network (WLAN) and LTE operated 

independently of each other. LTE WLAN aggregation (LWA) is recently seen as a better 

use of Wi-Fi and LTE. 

Many efforts have been made to increase the throughput of HetNet [5]. Optimal 

queuing and resource allocation problems of three-tier HetNet based on LTE Wi-Fi 

aggregation for offloading voice/multimedia traffic from licensed to unlicensed using 

scalable media access control (MAC) protocol (SC-MP) latency constraints has been 

observed in [6]. Further, the impact of bursty traffic in LTE and Wi-Fi aggregation 

enabled networks, where some of the LTE traffic is offloaded to Wi-Fi access points (APs) 

to improve LTE performance was analyzed in [7]. LWA combines LTE and WLAN radio 

resources to take advantage of Wi-Fi high availability and indoor coverage to make better 

use of WLAN and LTE. The key to this mechanism is that the network intelligently 

switches the data radio bearer (DRB) to use either LTE or Wi-Fi. The findings in [8] 

implements the radio resource management (RRM) layer of LWA and proposes two 

types of switched LWA policies to guaranteed bandwidth and the equal sharing policies. 

However, LWA requires careful partitioning of traffic between LTE and Wi-Fi resources 

to avoid overloading the link and to achieve good load balancing among co-located 

network nodes [9].  

For split DRB, it is important to determine the LTE-WLAN ratio (LWR), which is the 

proportion of packets delivered by LTE over WLAN. Lin et al. [10] proposed a simple 

LWR selection rule based on the received signal strength indicator (RSSI) of the WLAN to 

describe the user-level implementation of LWA. The LWA adaptive routing scheme can 

be easily implemented at the RRM and packet data convergence protocol (PDCP) layers 

of the LTE evolved node B (eNB) [10]. In [11], a user-offloading algorithm was proposed 

for eNB hardware that smartly allocates the deprived LTE user equipments (UEs) and 

assigns the LWA service to an optimal number of UEs without degrading the QoS for 

existing WLAN UEs.  

The LWA network reuses and integrated with existing individual LTE and Wi-Fi 

networks [12]. Unlicensed bands are attracting a lot of attention in the heterogeneous 

deployment of 5G. LWA, specified in 3GPP Release 13, is seen as an effective approach 

for frequency aggregation of heterogeneous 5G networks. 

One of the factors that effects the maximum throughput of the LWA is the signal 

strength of Wi-Fi AP. Since the power of small cells is quite low, the LWA range is not 

very long, so the LWA range needs to be increased. One method that can be applied is to 

use multiple Wi-Fi APs. Using multiple Wi-Fi APs is basically an extension of a single 

Wi-Fi AP, with some configuration changes, including handoff and load balancing. In 

this paper, an LTE-Wi-Fi aggregation for heterogeneous network is designed and 

implemented with multiple Wi-Fi APs to increase the LWA performance. Further, the 

performance of multiple Wi-Fi APs LWA was analyzed in comparation with the single 

Wi-Fi AP scheme. In addition, multiple Wi-Fi APs LWA mobility or handoff was verified. 

The implementation of multiple Wi-Fi APs LWA brings a potential to increase the 

throughput and coverage of the LWA and further increase the LWA performance. 
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The remainder of this paper is organized as follows. Section 2 describes the system 

design of multiple Wi-Fi APs LWA used in this research. Section 3 presents the multiple 

Wi-Fi APs LWA system implementation. Section 4 presents the results and discussion. 

Finally, last section concludes the work along with the proposed future work. 

2.  LWA with Multiple Wi-Fi APs System Design 

The HetNet topology is represented in Figure 1 as a collection of k base stations (BS), 

each of which is connected to a collection of relay stations (RS), with m representing the 

total number of RS in the network. The BS and its associated RS are represented as 

clusters that serve a group of users [13].  
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Figure 1. HetNet topology 

The hardware configuration of LWA with single and multiple Wi-Fi APs scheme is 

shown in Figure 2. The multiple Wi-Fi APs is similar to the single Wi-Fi AP scheme, 

except for one additional Wi-Fi AP and one additional switch. The additional switch is 

used to transfer data from the eNB to different Wi-Fi APs. In this scheme, two Wi-Fi APs 

are connected to the same eNB and the coverage of these two APs is partly overlapping. 

In the beginning, the UE is in the coverage of AP#1 and LWA is activated. Further, when 

the UE moves toward AP#2, in order to maintain LWA connection, Wi-Fi AP change 

procedure should be initiated. 

 

           (a)                                                                                            (b) 

Figure 2. Hardware configuration (a) single Wi-Fi AP (b) multiple Wi-Fi APs 
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Figure 3 presents the block diagram of LWA system with two Wi-Fi APs. For higher 

number of Wi-Fi APs scheme can be expanded with similar configuration. 

 

Figure 3. LWA with multiple Wi-Fi APs system 

 

Figure 4. Flowchart of LWA with multiple Wi-Fi APs performance measurement 

In order to implement the LWA system with multiple Wi-Fi APs scheme, some 

hardware was used. An ITRI LTE UDCell was implemented as the small cell. Two Wi-Fi 

APs with the same specifications was used and connected to UDCell via switch. For 

evolved packet core (EPC), a notebook was used. One mobile phone is used as the UE for 

LWA and one dongle set Huawei E3372h607 was implemented. An ITRI LTE-small cell 
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technology features 32 users online at the same time; smart antenna function; 2x2 MIMO; 

antenna with 27 switchable beams; support intra-band carrier aggregation; advanced self-

organized networking (SON) function; provides standard Femtocell API (FAPI) for 

developers to flexibly enhance system functionality; and flexible software defined radio 

(SDR) platform. Some software used in this paper are Network Draw, iPerf, Wi-Fi 

Analyzer, and Advanced Signal Status. 

Before performance measurement is carried out, hardware and software setup are 

performed first. To ensure that LWA is working properly, a testing is performed using 

iPerf and the results are observed with Network Draw. The next step is conducted to 

make sure the UE can do handoffs from one Wi-Fi AP to another Wi-Fi AP. If the UE 

cannot do handoff, it is necessary to check and set the software. If the UE can do handoff 

properly, further the experiment is continued by measuring the signal strength of LWA 

with multiple Wi-Fi APs. The measured signal strength includes reference signal received 

power (RSRP), receive signal strength indicator (RSSI), reference signal received quality 

(RSRQ), and signal to noise ratio (SNR). The next measurement is bandwidth, jitter, and 

packet loss in LWA with multiple Wi-Fi APs. The flowchart of performance measurement 

on LWA with Multiple Wi-Fi APs is depicted in Figure 4. 

Both Wi-Fi APs are connected to the same eNB and the coverage of these two APs is 

partly overlapping. Several LWA status are as follows: 

a. LWA Activation and Deactivation 

In the condition that WLAN becomes better than a threshold, LWA is activated. 

While the UE enters the coverage of Wi-Fi and the signal strength is larger than 

an activation threshold, the eNB triggers the activation procedure. On the 

contrary, in the condition that all WLAN inside WLAN mobility becomes worse 

than a threshold, LWA is deactivated. If the signal strength is smaller than a 

deactivation threshold, the eNB triggers the deactivation procedure. Figure 5 

depicts the LWA activation and deactivation. 

 

Figure 5. LWA activation and deactivation 

b. Wi-Fi AP change  

In case of multiple Wi-Fi APs scheme, one of the challenges is handoff between 

Wi-Fi AP. In the condition that all WLAN inside WLAN mobility set becomes 

worse than threshold#1 and a WLAN outside WLAN mobility set becomes better 

than threshold#2, the Wi-Fi AP change procedure is activated. Figure 6 

demonstrates the Wi-Fi AP change procedure. When the UE moves towards 

AP#2's coverage and detects AP#2's signal, it returns the signal strength of both 
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APs. If the signal strength of AP#1 is worse than threshold#1 and the signal 

strength of AP#2 is better than threshold#2, the eNB will send a radio resource 

control (RRC) message to triggers the Wi-Fi AP change procedure. 

 

Figure 6. Wi-Fi AP change 

3.  LWA with Multiple Wi-Fi APs System Implementation 

In the hardware configuration for two Wi-Fi APs, the second Wi-Fi AP is connected 

to the first Wi-Fi AP by using an RJ45 cable. Figure 7 shows the hardware configuration 

for two Wi-Fi Aps scheme. 

 

Figure 7. Hardware configuration scheme for two Wi-Fi APs 

The first Wi-Fi AP connects the LAN port on the ITRI UDCell LTE to the Ethernet 

port on the Wi-Fi AP by using the High-Speed LAN cable Cat 6. The second Wi-Fi AP 

connects the Ethernet port on the first Wi-Fi AP to the Ethernet port on the second Wi Fi 

AP by using the High-Speed LAN cable Cat 6. Figure 8 present the connection for the 

first and second Wi-Fi AP, respectively. 

For Wi-Fi AP change procedure, known as handoff testing between two Wi-Fi APs, a 

considerable distance is needed. The testing was conducted in the electrical engineering 

room with the configurations shown in Figure 9. 

In order to be connected via the switch, both Wi-Fi APs have to connected to LAN 

port that has the same netmask. The netmask used is 140.130.19.xxx. Both Wi-Fi APs are 

connected to LAN ports in two different rooms where the two rooms are about 60 m 

apart. Figure 10 depicts the Wi-Fi AP in both rooms. 
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 (a)                                                                           (b) 

Figure 8. Wi-Fi AP connection (a) single Wi-Fi AP (b) multiple Wi-Fi APs 

 

Figure 9. Hardware configuration for two Wi-Fi APs using switch 

 

(a)                                                                      (b) 

Figure 10. Wi-Fi AP (a) room 1 (b) room 2 
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Because more than one Wi-Fi AP device is used, it is necessary to set the service set 

identifier (SSID) and MAC Address settings on the device. Before running UDCell 

terminals, some LWA configuration changes need to be made to use multiple Wi-Fi APs. 

The mac address setting (mac_addr) was performed for all Wi-Fi APs to be used. 

Threshold are also set in this step. Figure 11 shows the LWA configuration. 

 

Figure 11. LWA configuration 

In order to run the LWA device, all terminals need to be open and the settings need to 

be conducted for each terminal, include L1/L2, RRC, mobility management entity (MME), 

radio resource management (RRM), Serving-Gateway configuration, Serving-Gateway 

execution, multi-cell selection (MCS) and LWA ratio change, and iPerf traffic generator. 

4. Results and Discussion 

After the hardware and software setup is completed, an experiment is carried out in 

order to proof that the system is working properly. The LWA throughput was observed 

by using iPerf. The results of LWA throughput, which is observed in the network draw 

application, shows that by using a 1:3 ratio, LWA has been able to produce a throughput 

of 43.5 Mbps which is the aggregate between Wi-Fi (32.7 Mbps) and LTE (10.8 Mbps) as 

presented in Figure 12. This result confirms that the LWA was working properly. 

Wi-Fi Analyzer application was applied to ensure that both Wi-Fi APs are 

functioning well. From the results of the experiment shown in Figure 13, it can be seen 

that both Wi-Fi APs are functioning properly with signal strength of -35 dBm and -38 

dBm. 

In order to observe the handoff of the UE, from one Wi-Fi AP to another Wi-Fi AP, an 

experiment was performed by disabling one of the Wi-Fi APs. The Wi-Fi APs disabling 

cannot be done by turning off the Wi-Fi AP resource because Wi-Fi AP#1 and Wi-Fi AP#2 

are directly connected each other. Therefore, the deactivation process is done through 
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software configuration. From the results of the experiment, it can be found that when Wi-

Fi AP#1 is disabled, the LWA still works on the UE with the aggregation of LTE and Wi-

Fi AP#2.  

In the Wi-Fi AP analyzer depicted in Figure 14, it can be seen that the LWA still 

works with the remaining one Wi-Fi AP with signal strength of -44 dBm. The same result 

is also obtained when Wi-Fi AP#2 is disabled, the LWA still works on the UE with the 

aggregation of LTE and Wi-Fi AP#1. This result proved that the UE has been able to 

change the Wi-Fi AP or do the handoff procedure. 

 

 

Figure 12. LWA throughput 

 

Figure 13. Signal strength of Wi-Fi AP 1 and 2 
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Figure 14. Signal strength of Wi-Fi AP#2 

   

 (a)                                                                   (b) 

Figure 15. Signal strength (a) single Wi-Fi AP (b) two Wi-Fi APs 

Further experiment is LWA with multiple Wi-Fi APs performance measurement. The 

parameters measured are as follows: 

a. Signal Strength (RSRP, RSSI, RSRQ, SNR) 

b. Bandwidth 
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c. Jitter 

d. Packet Loss 

To find out the quality of signal strength, measurements were conducted with the 

single Wi-Fi AP scheme and multiple Wi-Fi APs scheme. Signal quality is displayed on a 

scale from 0 (worst) to 100% (best). From the results of the experiment presented in 

Figure 15 and 16, it can be found that the signal strength when there are two Wi-Fi APs 

better than when there is only one Wi-Fi AP serves, including RSRP, RSSI, RSRQ, and 

SNR. The RSRP in the two Wi-Fi APs scheme has increased by 300% compared to the 

single Wi-Fi AP scheme. The RSSI in the two Wi-Fi APs scheme has increased by 27% 

compared to the single Wi-Fi AP scheme. The RSRQ in the two Wi-Fi APs scheme has 

increased by 10% in comparation with the single Wi-Fi AP scheme. The SNR in the two 

Wi-Fi APs scheme has increased by 27% compared to the single Wi-Fi AP scheme. 

Measurement of bandwidth, jitter, and packet loss, was conducted by using iPerf. 

Figure 17 shows the measurement results from iPerf, including bandwidth, jitter, and 

packet loss measurements. Further, Figure 18 displays the bandwidth comparation, in 

which when there are two Wi-Fi APs, the average bandwidth decreases 36% on average 

compared to when there is only one Wi-Fi AP serving since the coverage of LWA has 

increased. It can be seen from Figure 19, for LWA with two Wi-Fi APs, the jitter has 

increased 81% on average compared to when only one Wi-Fi AP is serving, but in the 

long run, the jitter in the two Wi-Fi AP scheme is lower on average than in the single Wi-

Fi AP scheme. For packet loss, Figure 20 depicts the comparation where packet loss in 

LWA with two Wi-Fi APs on average has increased 6% compared to when there is only 

one Wi-Fi AP that works. Both jitter and packet loss on LWA with two Wi-Fi APs are 

affected by the increase in coverage area. 

 

 

Figure 16. Signal strength for single and two Wi-Fi APs comparation 
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  (a)                                                                       (b) 

Figure 17. Bandwidth, Jitter, Packet Loss (a) single Wi-Fi AP (b) two Wi-Fi APs 

 

 

Figure 18. Bandwidth for single Wi-Fi AP and two Wi-Fi APs comparation 
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Figure 19. Jitter for single Wi-Fi AP and two Wi-Fi APs comparation 

 

Figure 20. Packet Loss for single Wi-Fi AP and two Wi-Fi APs comparation 

5. Conclusion 

An LTE-Wi-Fi aggregation for heterogeneous network increase the network 

performance. The implementation of multiple Wi-Fi APs LWA proposed in this paper 

brings a potential to increase the throughput and coverage of the LWA and further 

increase the LWA performance. Further, the range of LWA can be increased by adding 

the number of Wi-Fi AP. The UE has been able to change the serving Wi-Fi AP by 

performing the handoff procedure. In the handoff, it is necessary to set proper distance 

between the Wi-Fi AP to prevent frequently handoff, which can increase UE battery 

usage. LWA with multiple Wi-Fi APs has better signal strength compared to LWA with 

single Wi-Fi AP, including RSRP. RSSI, RSRQ, and SNR. Bandwidth in an LWA with 

multiple Wi-Fi APs is lower than an LWA with a single Wi-Fi AP with the trade-off in 

increasing LWA coverage. Jitter and packet loss in LWA with multiple Wi-Fi APs are 
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higher than LWA with single Wi-Fi AP, but in the long run, the jitter in the two Wi-Fi AP 

scheme is lower in average than in the single Wi-Fi AP scheme. Further work will focus 

to LWA with dense Wi-Fi Aps scheme and decrease packet loss in LWA with multiple 

Wi-Fi APs. 
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