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Abstract— Open base transceiver station (BTS) project was 
originally developed using open-source Unix/Linux applications 
in conjunction with Universal Software Radio Peripheral (USRP) 
to implement GSM (Global System for Mobile Communications) 
air interface supporting GSM handsets at much lower cost than 
commercial carrier BTS systems.  This paper emphasizes 
concepts and methodology of low cost Open BTS implementation 
using USRP-N210, made by Ettus Corporation.  A complete GSM 
BTS system utilizing Asteirsk, a VoIP (voice over IP) PBX 
(private branch exchange) software application, is implemented 
to simulate incoming and outgoing voice calls between soft-phone 
and open GSM handsets.  Furthermore, a complete GSM 
network system will be designed using OpenBTS components for 
a small island nation and design feasibility from cost prospective 
will also be analyzed.    

I. INTRODUCTION 
GSM is one of the earliest developed technologies in 

mobile telecommunication systems.  It was first developed in 
the late 1980s and according to the GSM Association; it is the 
most successful wireless standard in the world covering over 
90% of the world’s population.  As one might find in open BTs 
documentations, “GSM is a good choice because it is old and 
boring”, it is a proven technology and there are known ways to 
implement it.  Also, wireless mobile market in most part of the 
world is now mature enough that there is a large inventory of 
discarded older GSM handsets that can be reused for low cost 
projects.   

GSM systems, traditionally, have been implemented with 
expensive hardware components.  Recent development in 
Software Defined Radio (SDR) solutions in signal processing 
has made it much more economical to implement such a 
system where most of the back end hardware can be substituted 
with real-time software applications.  With the development of 
GNU radio and Universal Software Radio Peripheral (USRP) 
an SDR solution can implement precise signal processing and 
handle hardware tasks such as modulation, demodulation, and 
phase lock loop (PLL) synchronization at a relative low cost.  
Hardware implementation with low overhead and with the use 
of solar and wind power, full scale wireless network could be 
implemented at significantly lower cost than traditional 
systems.   

II. BACKGROUND 

A. Legal Issues 
The GSM standard is controlled by the 3rd Generation 

Partnership Project (3GPP) of the European 
Telecommunications Standards Institute (ETSI), an 
international industrial consortium, and licensing agreement is 
required to use it in commercial products.  Hence, one has to 
understand there can be a number of legal implications 
depending on where you implement open BTS network, which 
may depend on region specific regulations, limiting frequency 
use and transmit power levels.  For example, if we were to 
implement an open BTS GSM wireless system in the United 
States (US), we would have to conform to Federal 
Communication Commission (FCC) guidelines laid out in CFR 
47 on RF transmission and safety standards, in addition to 
acquiring GSM license.  Examples of criminal acts are Signal 
transmission in FCC licensed band using open BTS system, 
intercept signals from a public network by listening 
conversations, parse data messages or decode user identities.  
Failure to follow regional authority guidelines could result in 
criminal offense and punishment if found guilty.  The use of 
open BTS system is intended for very low cost GSM network 
deployment in rural and underdeveloped parts of the world as 
well as in war torn areas with no radio infrastructure where 
most legal issues can be avoided or resolved easily.    

B. GSM Architecture 
GSM air interface between the mobile station (MS) and the 

base station (BTS), also known as “Um”, is fairly complex.  
The Um interface is defined as a full duplex interface with a 
separate frequency range for the uplink (MS to BTS) and 
downlink (BTS to MS).  Initial GSM deployment standards, 
also known as GSM-900, were designed with 890 to 915 MHz 
for uplink and 935 to 956 MHz for downlink.  Increased 
capacity requirement due to high demand proved GSM-900 
bandwidth inadequate.  As a result GSM band was extended 
with a secondary frequency block at 1800 MHz, which is 
commonly used in most parts of the world including Europe, 
the Middle East, Africa, Oceania and Asia.  The US and 
Canada deviated by using 850 MHz and 1900 MHz as their 
own dual band GSM implementation. 

 

  



1) Multiplexing 
For additional network efficiency, GSM uses Frequency 

Division Multiple Access (FDMA), Time Division Multiple 
Access (TDMA) and for higher voice quality utilizes Forward  

Error Correction (FEC) coding. GSM 05.05 defines a single 
radio channel bandwidth to be 270.833 kHz and spacing of 250 
kHz.  Since adjacent channels overlap the standard does not 
allow adjacent channels to be used in the same cell.  Each 
uplink carrier channel is linked to a single corresponding 
downlink carrier, generally separated by 50 MHz.  In order to 
configure which carrier frequency will be used, the Absolute 
Radio Frequency Channel Number (ARFCN) is 
communicated, which can then be translated into real 
frequency from a look up table or by evaluating a simple 
equation. 

In GSM network each of the carrier channels is divided into 
eight time slots, creating eight logical communication channels, 
each with duration of 156.25 symbol periods or 576.9µs burst.  
Total of all 8 timeslots duration is then 1250 symbol periods or 
4.62ms with symbol rate of 270.833 kHz, modulated with 
GMSK scheme.  There is also another offset in GSM between 
the downlink and uplink, besides them being separated by 50 
MHz.  That offset is three bursts.  When a MS is assigned a 
time slot, it will broadcast on the uplink frequency and receive 
on the downlink frequency at that exact time slot but they will 
be offset by three time slots, as shown in Figure 1.  Each timeslot 
is occupied by transmit burst with a guard interval, two payload 
fields, tail bits and a midamble (or training sequence) for 
channel estimation and burst detection.  The lengths of these 
fields vary with the burst type.  The Normal Burst (NB) has a 
8.25-symbol guard period, two 57-bit payload fields, two 3-bit 
tail bit fields and a 26-bit training sequence.  Burst that require 
higher processing gain for signal acquisition have longer 
training sequence, where time synchronization is driven by 
BTS clock. 

2) GSM Traffic and Control Channels 
Each of the logical channels (LCH) is further classified to 

perform specific channel control functions and payload 
transport function.  Synchronization Channel (SCH), a 
downlink-only broadcast channel is used to synchronize the 
MS to the BTS frame clock and multiplexer at the beginning of 
an acquisition.  Frequency Correction Channel (FCCH), 
downlink-only broadcast channel is used by the MS to estimate 
the carrier frequency and lock on to BTS oscillator clock.  
Broadcast Control Channel (BCCH), a down-link only 
broadcast channel used to deliver BTS identity and 
configuration.  Common Control Channel (CCCH), a 
downlink-only simplex channel used to page MSs.  Random 
Access Channel (RACH), an uplink-only shared channel used 
by MSs to request resource allocation.  Standalone Dedicated 
Control Channel (SDCCH), a bidirectional channel used for 
call set-up, registration, SMS delivery and other control 
signaling.  Traffic Channel (TCH), a bidirectional channel used 
to send encoded speech data and message data to and from 
user.  Fast Associated Control Channel (FACCH), a  

 
Figure 1: Offset between uplink and downlink slots 

bidirectional control channel, part of TCH, used for signaling 
while a call is in progress.  Slow Associated Control Channel, a 
bidirectional channel used to carry system information and 
measurement reports related to handover planning and link 
status. 

3) Forward Error Correction 
 Due to the nature of free-space RF propagation 

characteristics such as path loss, shadow effect and multipath 
fading, MS received signal can fluctuate significantly resulting 
in data errors in demodulated signal.  To protect the fidelity of 
transmitted data, FEC is utilized in GSM systems at a cost of 
higher data rate or channel bandwidth.  GSM implements both 
block coding and convolution coding to improve bit error rate 
(BER) at the receiver.  Although Convolution code is difficult 
to decode, it is more heavily used in GSM systems as it has 
good performance in error handling.  The decoding of a single 
bit depends on the values of all previous k decoded bits by 
using the Viterbi algorithm.  The convolution code used in 
GSM has a rate of ½, 1/3, 1/6 or 244/456.  All convolution 
code used in GSM have a constraint length of K=5.  Also RF 
propagation fades occur at a much slower rate than the 
transmission bit rate of the radio interface and errors tend to 
occur in burst.  In order for convolution code to provide 
efficient error protection, the errors have to be evenly 
distributed in time with scrambling and interleaving algorithm 
to avoid loss of consecutive data bits.  

4) Switching 
In traditional GSM systems, BTS is simply a bidirectional 

radio signal repeater with no resource management or 
switching capabilities.  This is one area where Open BTS 
operation is fundamentally different and more intelligent where 
all radio control functions and call switching tasks are moved 
to VoIP PBX access point running on a local server. 

C. Open BTS Architecture 
Open BTS software architecture is an emulation of GSM 

04.03 as shown in Figure 2.  In uplink direction, data arriving 
from handsets to USRP is processed with Analog to Digital 
Converter (ADC).  Data is then packaged with TCP/IP headers 
with time stamp and transferred to the host CPU using Gigabit 
Ethernet interface.  Open BTS transceiver synchronizes the 
USRP with the GSM master clock and demodulates symbol 
vectors for each radio.  TDM layer of the GSM stack 
demultiplexes each burst and passes on to FEC processor.  Data 
Link Layer (L2) then accepts the corrected data and runs link 
layer, segmentation and retransmission (LAPDm) processor.  
Signaling and Connection Management of L3 determines the 
message protocol and calls the appropriate control function to 
deserialize the message and act on its content.  These control-  

 



 
Figure 2: Open BTS Architecture 

 
functions also communicate with the outside world via SIP and 
other protocols. 

1) Data Link Layer 
Messages directed in downlink direction are serialized into 

L3 frames which are then passed down to L2.  L2 processor 
breaks the frames into segments, wraps each segment into L2 
frames and passes them down L1 according to the LAPDm 
state machine.  L1 FEC processor encodes each L2 frame with 
time stamp and passes to TDM interface.  The outgoing radio 
bursts are first sorted into a priority queue and modulated.  
Modulated waveform samples are then transferred to USRP 
over the Ethernet interface for transmission. 

Most of the computational load in the Open BTS systems is 
generated by the software transceiver and L1 FEC decoding 
because L2 frames arrive at a maximum rate of about 50 Hz 
while radio burst are transacted at 200 Hz and GSM channel 
symbols must be processed at 271 kHz. 

Open BTS architecture uses simple C++ wrappers for 
threads, signals, recursive mutexes and C time-of-day facilities.  
Vector template such as Soft Vector is implemented to 
represent symbol likelihood vectors used in soft input and soft 
output Viterbi coders and decoders.  C++ object classes are 
also used to implement Layer Processor Classes, Data Transfer 
Classes (DTL), Logical Channel Classes and L3 Message and 
Element Classes.  DTL is used for interlayer communication 
such as downlink radio burst transmission with channel 
information bits and transmit power level relative to full scale 
on the given ARFCN.  Receive burst is also used for similar 
functions on the uplink direction. Logical Channel Classes 
processors implement control channel functions required for 
SCH, FCCH, BCCH, CCCH, RACH, SDCCH, SACCH, 
FACCH and TCH functions. 

2) Software Transceiver 
    In Open BTS systems USRP will process ADC and 
sampling rate conversion functions but a software transceiver 
implements the sub-band tuner, GMSK modems and 
synchronizes the master symbol clock for the air interface.  It 
transfers raw baseband samples to and from the USRP; also 
transfers RxBurst and TxBurst objects to and from the GSM 
stack and transact control commands and clock 
synchronization parameters.  For the uplink software 
transceiver is coherent on which timeslots and frame carry 

active channel data and it demodulates only those active parts 
of the signal with accurate timestamps.  For the downlink, if a 
radio burst is not available for transmission, the transceiver 
generates filler pattern based on the clock value because the 
transceiver is capable of sorting the burst in correct order 
before transmission.  If the burst indicates time has passed, the 
burst is discarded and the clock is advanced for 
resynchronization with the BTS master clock. 

3) Global GSM Object 
    There is a single global object of the class 
GSM::Configuration, called gBTS, that acts as a collection 
point for the complete state and configuration (ARFCN, cell 
ID, etc.) of the access point’s GSM stack, which is created 
during initialization.  The gBTS object tracks all existing LCH 
objects as they are created on start-up and adds them in an 
allocation pool.  After start up new LCH objects are allocated 
as new LCH transactions are required.  At the end of the 
transaction the channel is closed and moved to the available 
state. 

4) SIP and Asterisk 
    One of the major software components in Open BTS project 
that makes it economical is Asterisk, an IP PBX with 
integrated VoIP gateway, call center system, Conference 
Bridge and voice mail server.  Asterisk is used for all call 
control functions as well as parts of mobility management 
tasks.  It utilizes subscriber IMSIs as Session Initiation 
Protocol (SIP) user names and presents each GSM handset to 
Asterisk as a SIP client. 

D.  Hardware 
Open BTS implementation require several hardware 
components to emulate components of the GSM network. 

1) USRP N210 
    USRP2, made by Ettus Corporation, serves as interface 
between digital and analog signal interface utilizing Gbit-
Ethernet connection.  The core processor is an analog to 
digital (ADC) converter that samples the received signal and 
delivers 14 bit quantized digital data.  The digital samples are 
transferred to the FPGA and processed with digital down 
converters (DDC) to meet the exact output sample rate and 
frequency.  The ADC output is down converted with 
numerically-controlled oscillator (NCO), which synthesizes a 
discrete-time, discrete-amplitude waveform within the FPGA.    
The down converted samples are then decimated with factor N 
to produce desired sampling rate to generate I and Q data to be 
sent to the host.  Transmit chain is processed similarly in 
reverse order.  Standard USRP clock is a low-cost 64 MHz 
oscillator, which may not be well matched with GSM symbol 
rate.  In order to compensate, Open BTS implements a 
resampler for rate matching.  The standard clock is also not 
stable enough for multi-BTS MIMO architecture. 

2) Duplexer and Power Amplifier 
          A good duplexer must be used to isolate transmit signal 
from leaking into the uplink receiver and saturating the LNA.  
In order to implement Open BTS economically an efficient 
power amplifier (PA) must be deployed.  Cost of a PA can go 
up significantly as higher transmit power is require to cover a 



 
Figure 3: GSM 900 Downlink Spectrum Plot 

 
larger area.  Note: a link budget analysis has to be performed 
to determine a balanced foot-print between the handsets and 
BTS effective radiated power (ERP) levels.   

III. METHODOLOGY AND RESULTS 
Basic setup of Open BTS system is depicted in Figure 2.  It is 

mentioned earlier that proper licensing agreement is required to 
implement this project where there is a great potential to 
interfere with local commercial GSM network.  One solution in 
a laboratory environment is to replace transmit and receive RF 
path with conductive elements.  As shown in Figure 4, RF cable, 
circulator, attenuators, coupler and spectrum analyzer can be 
configured for closed loop conducted tests without violating 
any FCC regulations. 

A. USRP Testing   
   Once we have installed all the software packages such as 
GNU Radio, Boost and other required libraries, OpenBTS, 
Asterisk, UHD, etc. we need to test USRP2 connectivity.  We 
can run an UHD package utilities called “latency_test” to 
verify the USRP N210 actual transmit and receive rate is 25 
Msps. 

B. OpenBTS Configurtion  
     Even though this is a conducted test set up, we can take an 
extra step to make sure we operate in a GSM-900 band where 
there are no activities in couple of different ways.  Using a 
Spectrum Analyzer, we can see the full range GSM900 band, 
from 925 to 960 MHz downlink spectrum, as shown in Figure 3 
, and identify frequency blocks without any GSM RF 
activities.  Similar test can be performed using a simple GNU 
Radio program “usrp_wfm_rcv_pll.py”, which displays RF 
spectrum in the FM band, by changing its frequency between 
925 and 960 MHz.  Once we have determined which downlink 
frequency is best to use, we can look it up in the ARFCN table 
for the actual channel number to be configured in Open BTS 
configuration file.  For this project ARFCN is set to 51, which 
according to GSM-900 RFCN table translates to downlink 
frequency of 945.2 MHz.  It is very important that we choose 

GSM Mobile Country Code (MCC) and Mobile Network 
Code (MNC) that will not interfere with local public network.  
For example, we could use 724-10, which is the MCC for 
Brazil with MNC of 10. 

C. Asterisk Configuration      
     In order to configure Asterisk properly so Open GSM 
handsets are able to initiate and accept calls, IMSI numbers, 
which are used for registrations, stored in SIM cards must be 
acquired.  It is possible to obtain handsets International Mobile 
Subscriber Identity (IMSI) number by executing getimsi.py, a 
Python program, which can communicate via RS-232 serial or 
USB interface by issuing AT commands to the handsets.  
Once IMSI numbers are obtained, they need to be defined in 
extensions.conf as instances of soft phones extensions (IMSI) 
and phone number pairs.  The same ISMI tags much also 
match the tags specified in sip.conf file, which configures soft 
phone functional parameters. 

D. Open GSM Handset Configuration    
     Open GSM handset configuration is just as critical as 
OpenBTS as they complement each other and network 
selectivity and operating frequency band compatibility must 
be verified.  Commercial carrier SIM cards come with a 
preferred network list and to ensure the handset will scan 
OpenBTS network, it must be set up as the first preferred 
network.  Alternatively, the handsets can be forced to register 
on the test GSM network by going into the handset general 
network settings options and select an operator manually. 

E. OpenBTS Testing 
     At this point all network components is configured and 
OpenBTS application can be executed by issuing OpenBTS 
command.  Upon successful launch command line interface 
(CLI) is made available to generate mobile terminated (MO) 
phone calls or test messages to targeted IMSIs.  When the 
network is up and downlink RF transmit is active, Open GSM 
handsets will populate the new network id in available 
network list for manual selection.  Once phones have 
registered OpenBTs will assign Temporary Mobile Identities 
(TIMSI) for each device.  Clearing of this TIMSI table will 
force handsets to reregister.  By default Asterisk is configured 
to accept calls from any guest handset registered on the 
network.  Another word, for MO calls, the handset is allowed 
to initiate calls without being configured as a SIP device in 
Asterisk.  Once the handset has registered on the test GSM 
network, it can dial extensions such as ‘1235’, for voicemail 
test or ‘600’ for echo test and any other defined soft 
extensions in Asterisk.  To test voice calls between two 
handsets, the receiving one must be configured in Asterisk so 
the MO call can locate the target.  OpenBTS CLI is also 
capable of sending text message by issuing “sendsms 
208123456789012 24567 0000”, where 
208123456789012 is the IMSI and 24567 is the source 
phone number.  

 

 



 
Figure 4: Open BTS laboratory setup 

IV. EXAMPLE DESIGN 
     A remote underdeveloped island such as the Republic of 
Nauru, formerly known as Pleasant Island in Micronesia in the 
South Pacific has an area of 8.1 square mile with less than 
1,000 residents.  It is the second least populated country after 
Vatican City.  In this section, a GSM cellular network system 
design is considered.  For this case, as single cell network 
covering the entire island is to be designed at 2% blocking 
(GOS) if each user averages 2 calls per hour at average call 
duration of 3 minutes. 

A. Capacity Planning 
     Traffic intensity per user, A 1.0)60/3(*2 == Erlangs 
and the total traffic the single cell will need to accommodate 
1000 users is 100 Erlangs. According to Earlang B table the 
single cell network will require 113 trunks.  Ideally each GSM 
channel can support up to 8 logical trunks (time slots), hence 
to support 1000 users, the single cell will require 
approximately 15 physical channels with 15 USRPs 
configured in MIMO architecture.  This is a low cost GSM 
implementation and all 15 USRP antenna ports will be 
configured with 16 to one combiner-splitter hardware with a 
single Omni-directional antenna. 

B. Link Budget Calculations 
     If we were to assume 8.1 square mile area of the island 
forms a circular shape, then the radius of the island is 
approximately 1.6 miles.  For simplification we will assume 
the radius of the island is 1.86 miles or 3 Km.  The highest 
elevation point anywhere in the island is approximately 60 
meters (~196 feet), located on the west coast. An effective 
transmit antenna height of 10 meters (~32 feet) with sufficient 
transmit power should cover the entire island.  Also, this is an 
underdeveloped island and there are no man made obstructions 
or high rise building present.  For path loss calculation we will 
use Hata model [Hat90], an empirical formulation of the 
graphical path loss data provided by Okamura, which is valid 
from 150 MHz to 1500 MHz.  The standard formula for 
median path loss in open rural area is a modified version of the 
urban area equation: 
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where cf is the frequency in MHz, 50L  is the 50th percentile 

value of propagation path loss, teh is the effective base station 

antenna height (in meters), reh , is the effective receiver 

(mobile) antenna height (in meters), d , is the transmit-receive 
separation distance (in km), and )( reha  is the correction 
factor for effective mobile antenna height which is a function 
of the size of the coverage area.  For a small to medium size 
city, the mobile antenna correction factor is given by 
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For effective receiver antenna height of 2 m, (3) calculates the 
mobile antenna correction factor to be approximately 1.2 dB.  
Since the base station is located on the coast, we will use 
island diameter of 6 Km as transmit-receive separation 
distance.  With effective base station antenna height of 70 m, 
antenna height plus ground elevation, and according to (2) 
urban area path loss computes to 145.6dB.  Equation (1) then 
calculates the path loss for open rural area to be 8.9dB, which 
is very minimal.  We can add another 30dB loss for in 
building penetration or other obstructions, giving us a total 
path loss of 38.9dB.  Assume we use unity gain antenna for 
base station transmit antenna with maximum USRP power of 
20dBm.  Even with a very poor handset receive antenna with 
minus 10dB gain, we are able to obtain receive signal power 
near -43.9dBm, as shown in Error! Reference source not 
found..  Given that GSM receiver can have good voice quality 
at -90dBm, we can be sure receive signal level will have 
plenty of margin.  In the reverse or uplink we should also have 
ample receive signal power given that most GSM-900 
handsets are able to transmit at 2 W or 33dBm.  Most likely 
handsets will operate in power back off mode majority of the 
time giving them much needed extended battery life. 

C. System Cost Estimate 
     The most expensive piece of hardware in this design is 
USRP-N210 made by Ettus Corporation.  As shown in Table 
1, approximately $2,000 per USRP set up, 15 GSM channel 
would cost over $25,000.  Installation and configuration cost 
is subjective, which can go up or down significantly 
depending on how the engineers are acquired.  Remainder of 
the cost is very minimal comparatively. 
 

Table 1: Link Budget 
Link Budget Value Unit 
Transmit Power 20 dBm 

40' 1/2" Coax 3 dB 

Transmit Antenna Gain 0 dB 

16:1 Combiner Loss 12 dB 

In Building Penetration 30 dB 

Path Loss 8.9 dB 

Receive Antenna Gain -10 dB 

Receive Power -43.9 dBm 

 



 
 

Table 2: Cost Estimates 

Make Model 
Cost/unit 
($) Qty Cost ($) 

USRP, Ettus N210 1700 15 25,500 

900MHz Daughter Card, 
Ettus RFX900 275 15 4,125 

Antenna, Ettus VERT900 35 2 70 

Ubuntu 10.04 OS   0 1 0 

Dell-2950 Server, used 2950 300 1 300 

1/2" Coax, Andrew, used 
LDF4-

50A 50 50' 50 

16:1 Combiner, DEV ANT16 1  1000 1 50 
Installation + 
Configuration       10,000 

Handsets, used   5 1000 10,000 

Total       50,095 
 

Nonetheless, the total cost would be far greater, most likely in 
the order of several millions, if the system is to be 
implemented with traditional hardware based GSM system.  
Furthermore, year to year operating and maintenance expenses 
would be exponentially higher compared to this proposed 
design.  

D. Simple Business Model 
     There is also a strong business case to be made for the 
proposed design for the island of Nauru.  According 2006 
GDP estimates, Nauraun earn approximately $2,500 U.S per 
year, which is roughly $200 per month.  Even if cellular 
services were given out to all 1,000 residents at $1 per month, 
the build out cost would be recovered in less than 5 years and 
the investment would return profit.  Even without considering 
the business aspect, $50,000 for connecting the island 
residents to each other and the rest of the world is a huge 
benefit on its own. 

V. CONCLUSIONS 
     A complete GSM network has been implemented in this 
project demonstrating successful end to end call connectivity 
and text message delivery.  With proper technical background 
one can implement a small scale system for as little as 2000 
US dollars.  Through a practical design approach, we also 
demonstrated that a complete GSM network can be 
implemented for 1,000 subscribers located in the South Pacific 
island of Nauru with a budget of $50,000.  Using Hata 
propagation model and optimum BTS transmit antenna 

position configuration, it was determined we can still obtain 
50dB receive signal link margin, when using USRP-N210 
with full scale RF out of 20dBm.  In reality it is highly likely 
that this system would be able to support a much larger area 
because of high link margin.  The cost estimate of $50,000 is 
based on actual manufacturer parts and labor quotes with a 
margin of error of ±10%.  Even though a single channel 
OpenBTS network was implemented and tested for this 
particular project, configuring 15 channel MIMO USRP 
configuration GSM network will still be a big challenge.  One 
of the fundamental requirements of operating OpenBTS in 
MIMO architecture is to continually be in synchronization 
with the application and all of the USRPs.  Laboratory 
implementation shows USRP on board clock stability is not 
where it needs to be.  OpenBTS application frequently loses 
clock synchronization with USRP when attempting to register 
multiple handsets simultaneously.  There have been 
publications of operating USRPs with an external reference 
clock for better stability, which still requires more research.    
Nevertheless, with OpenBTS GSM network implementation, it 
is proven how cost and time efficient cellular network 
implementation of micro markets can become.  Similar 
approach can also be applied to Department of Defense 
(DOD), United Nations (UN) or North Atlantic Treaty 
Organization (NATO) communication strategy when going 
into another county where no wireless network infrastructure 
is present.  One good area of OpenBTS research would be to 
modify GSM stack voice and data encryption, which would 
need to be applied to both handsets and backend network 
modules.  Utilizing custom crypto algorithm would be of 
special benefit to each system as existing GSM stack is well 
known and can be easily hacked. 
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