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Abstract— The combination of two technologies Multiple input multiple output (MIMO) and orthogonal frequency division multiplexing
(OFDM) can cater very high rate data transmission. MIMO provides increased diversity gain without increasing the transmitting power
whereas OFDM provides high data rates as it is a solution for Inter Symbol Interference (I1SI) caused in dispersive channels. Here, in this
paper the system performance of MIMO OFDM with Space time block coding (STBC) system is simulated using GNU radio software, plotting
diagrams of received symbols with and without noise, the FFT and waterfall diagram. Also, OFDM system is implemented on USRP bus

series using GNU Radio software and the results are evaluated.

Index Terms— MIMO, OFDM, STBC, GNU Radio, USRP, Alamouti code, Wireless communication

I. INTRODUCTION

A. Background and Motivation

The rapid increase in demand for high system capacity, high
transmission rate and broadband access with high Quality of
Service (QoS) has motivated the research of new technologies
which can be capable of fulfilling the above requirements. In
accordance to Ref. [1], the combination of two technologies:
Multiple input multiple output (MIMO) and orthogonal
frequency division multiplexing (OFDM) can cater very high
rate data transmission. MIMO provides increased diversity gain
[2] without increasing the transmitting power whereas OFDM
provides high data rates as it is a solution for Inter Symbol
Interference (ISI) [3] caused in dispersive channels. Thus,
MIMO OFDM is considered to be a one stop solution for
various wireless communication systems like IEEE802.11,
IEEE802.16, WiFi, WiMax, 3GPP and LTE.

B. Related Work

FER vs SNR performance comparison of OFDM transmitter is
carried out between GNU based and  industry based
implementation in [4]. Whereas, OFDM receiver’s PDR
measurements are done in [5] to check the performance with
different devices with different standards for 10MHz and
20MHz. In [6][7], the authors have transmitted and received
packets using OFDM technigque implemented on GNU Radio

and USRP. Performance of OFDM is evaluated in [8][9][10]

using GNU Radio platform and USRP2 devices. 2X2 MIMO is
simulated and implemented using GNU and USRP2 with
Alamouti code in [11], beamforming in [12], and spatial
multiplexing in [13]. Detailed literature review is elaborated in
table 1.

C. Organization
Further organization of the paper is as follows. Section Il
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defines the MIMO-OFDM system model introducing MIMO
with STBC and OFDM. Section Il is the main project work
done on GNU radio and USRP. Section 1V and V elaborates the
results and conclusion respectively.

Il. SYSTEM MODEL

A. MIMO-OFDM

Merger of MIMO with OFDM shows a considerable
improvement in channel capacity. As additional complexity is
incorporated in channel; ICI cancellation, channel estimation
and PAPR reduction becomes fairly complicated. Proposed
system Space Time Block Code (STBCs) [20] by Alamouti in
US Patent 6185258 February 2001 can be used to reduce the
complexity as discussed earlier.

Source #»{ Channel coding » Alamouti encoder #» OFDM transmitter

v

MIMO channel

Sink - Channel decoding - Alamouti decoder - OFDM receiver =

Figure 1. Block diagram of MIMO-OFDM using STBC

At the transmit side, a high speed input data stream is divided
into many sub-streams according to the number of subcarriers
of the systems. On each subcarrier, input data will be encoded
by STBC encoder, then data on each transmit antenna will be
processed by IFFT before transmitting. At the receiver side,
received signals will be done by an FFT process and applied
STBC decoder on each subcarrier. The decoded data will be
multiplexed to obtain transmitted data.
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Year Comments

2009 | Analyzed QoS in terms of packet received ratio for OFDM system and as FFT length increases the error decreases,
increasing the PRR. BPSK performs better than QPSK in terms of PRR. [7]

2010 | Implemented IEEE 802.11p frame encoder which generates OFDM frames in digital complex base-band representation.
[4]

2011 | Has implemented MIMO-OFDM system transceiver for various modulation schemes such as BPSK, QPSK and QAM.
Here, to realize MIMO system Alamouti encoder is used for space frequency block coding. [11]

2013 | Have presented complete OFDM receiver (IEEE 802.11a/g/p) implemented in GNU radio and USRP N210. [5]

2014 | Here, evaluation of practical error performance in Gaussian and racian propagation for three channels
estimation/interpolation techniques is implemented. The techniques realized are linear interpolation, second-ordered
interpolation and cubic spline interpolation for blind SNR estimation. [10]

2014 | Exploitation of MIMO-OFDM system at network level using spatial multiplexing techniques to evaluate the
performance and channel condition in terms of SNR vs BER curve and SNR vs. PER curve.[13]

2014 | Studied diversity coding for MIMO systems along with adaptive modulation coding.is used to help satisfy the increase
in demand. The implementation is done for different modulation schemes and different channels are used for BER
analysis of MIMO-OFDM system. [14]

2014 | Incorporated selection strategy for determination of modulation and coding scheme level dependent upon channel
estimation parameter over AWGN and Rayleigh fading channel. [15]

2014 | Implemented OFDM transmission and reception of packets using GNU radio and USRP to demonstrate advantages and
disadvantages of the system. The authors have also custom build some blocks like cyclic prefix and power allocator. [6]

2015 | Analysed and simulated OFDM on GNU radio to studied the effect of frequency and timing offset. As per simulation
results increase in offset causes increase in BER leading to packet loss. [16]

2016 | MIMO-OFDM system is simulated on GNUand SNR values for the same is calculated for different modulation schemes
[17]

2016 | The authors have analyzed the performance of enhanced OFDM system on GNU radio and USRP1 [18]

2017 | OFDM system is implemented on USRP1 for live video transmission using gsteamer with the help of webcam [19]

Table 1. Literature review of previous work done

B. MIMO with STBC

* Transmission and reception of data using multiple antennas
is MIMO system. The data transmitted via channel will undergo
NtNr paths from Nt‘transmit antennas to Nr receive antennas.
The received vectors which are received by multiple antennas
are decoded into source information by the receiver. A flat
fading MIMO system can be modeled as

y=Hx+w (1)

Where x and y are transmitted and received signal vectors,
respectively, and H and w are the channel matrix and the noise
vector, respectively.

Channel capacity of MIMO systems when Channel state
information is present,

max log, det(I + pHQH™) )
Qitr(@)=1 ) )
where (:)H denotes Hermitian transpose, _ is the ratio between
transmit signal power and noise power, and Q the optimal signal

covariance

CCSIperfect -

Channel capacity of MIMO systems when Channel state
information is unknown,

Cro-csi = E [log; det(l + £ HH')| @3)
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To derive full benefits from MIMO systems diversity coding is
used. It-was first designed for a two-transmit antenna system
and is represented as a matrix:

G2 =|_g cl*] “)

Where * denotes complex conjugate. c1 andc2 are the symbols
to be transmitted at two different time instances by two
antennas.

It takes two time-slots to transmit two symbols. In the first
time slot, two symbols x1 and x2 (in parlance to OFDM) are
transmitted simultaneously from two transmit antennas. During
the second time slot, x2 is transmitted from first transmitter
antenna and x1 is transmitted from second transmit antenna.
The Alamouti encoder system for two transmit and two receive
system is shown in Figure 2.

Xy XXy Xy

A

K *
..‘X3 )(‘.'X1 X2

- Ixl
e XX XXy \

‘. Alamouti STBC
encoder

CTx2

Figure 2. Alamouti encoder for 2x2 system
Using the optimal decoding scheme discussed below, the bit-
error rate (BER) of this STBC is equivalent to 2Nr branch
maximal ratio combining (MRC). This is a result of the perfect
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orthogonality between the symbols after receive processing —
there are two copies of each symbol transmitted and Nr copies
received. Where Nr is the number of receiver antennas. This is
a very special to STBC. It is the only orthogonal STBC that
achieves rate 1 [21]. That is to say that it is the only STBC that
can achieve its full diversity gain without needing to sacrifice
its data rate. Strictly, this is only true for complex modulation
symbols. Since almost all constellation diagrams rely on
complex numbers. However, this property usually gives
Alamouti’s code a significant advantage over the higher-order
STBCs even though they achieve a better error-rate
performance.

C. OFDM

Orthogonal Frequency Division Multiplexing (OFDM) is a
multi-carrier communication system. OFDM extends the
concept of single sub-carrier modulation by using parallel
multiple sub-carriers within a channel. It uses a large number of
closely separated orthogonal sub-carriers that are transmitted in
parallel. Each of the sub-carrier is modulated with any
conventional digital modulation scheme (such as QPSK,
16QAM, etc.) at low symbol rate

The OFDM scheme differs from the traditional FDM in
following ways[1]:
e  Multiple carriers carry single information stream
e  Sub-carriers are orthogonal to each other
e Aguard interval is added between adjacent symbols to
minimize the channel delay spread and inter symbol
interference (ISI).

Guard
interval

.| symbol

Source . = S/P IFFT - Prs -
mapping -

Remove | sp I T ~ Equalizer - /S| = De-map Sink
3 - 7 2

Figure 3. Block diagram of OFDM system

In the frequency domain, sub-carriers are independently
modulated with complex data. Inverse FFT operation is
performed on the frequency domain sub-carriers to produce the
OFDM symbol in the time-domain. After IFFT operation, guard
intervals are inserted to each symbol to prevent ISI at the
receiver. Without ambiguity, it can be noted that ISl is caused
by multi-path delay spread in the radio channel. At the receiver
FFT operation is carried out on the OFDM symbols to recover
the original transmit data bits.

If N sub-carriers are used, and each sub-carrier is modulated
using M-ary signalling, the OFDM symbol alphabet consists of
one out of MN number of combined symbols. The low-pass
equivalent OFDM signal can be represented as:
x(t) = TNZ3 Xy 27k Ts (5)
Where Xy are the data symbols, N is the number of sub-carriers,
and Ts is the OFDM symbol time. The sub-carrier spacing of 1
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Ts makes the symbols orthogonal over each symbol period; this
property can be expressed as:

lfOTs(ejznklt/Ts) " (ejzfrkzt/Ts)dt =
Ts

1 (Tsq  jem(ky—ky)t/T. _
T_sf()s(ej m(ky 2)/s)dt_ 5k1k2

(6)

where (.)" denotes the complex conjugate operator.

To avoid inter symbol interference in multipath fading
channels, a guard interval of length T is inserted prior to the
OFDM block. During this interval, a cyclic prefix is transmitted
such that the signal in the interval -T4 <t < 0 equals the signal
in the interval (Ts-Tg) <t < Ts. The OFDM signal with cyclic
prefix can be presented as
x(t) = XNZg Xy /2™ | Ty<t<Ts (7
The above low-pass signal can be either real or complex-
valued. Real-valued low-pass equivalent signals are typically
transmitted at baseband wireline applications such as DSL. For
wireless applications, the low-pass signal is typically complex-
valued; in which case, the transmitted signal is up-converted to
a carrier frequency f.. In general, the transmitted signal can be
represented as:

s(t) = R{x(t)e/*™/e}
=X k=0 |Xi| cos2mlf. + k/Ts]t + arg[X,]) 8
s(t) time domain signal to be transmitted. Sub-carrier
separation by k/Ts ensures the orthogonality among sub-
carriers.

I1l. EXPERIMENTAL SETUP

A. Simulation on GNU Radio

The GNU Radio is an open source software toolkit for SDR
[22]. This toolkit provides a number of radio components,
rewritten in Python or C++ programming languages, which can
communicate to each other using various data types. GNU
Radio offers a graphical design environment, known as GNU
Radio Companion (GRC). Python is an object-oriented
scripting language that runs on Linux/windows and it has great
support for interfacing with C++ code. SWIG (Simplified
Worapper and Interface Generator) is an interface compiler that
connects programs written in C++ with Python. GNU Radio can
work as a simulation environment but it can also be used to
create a real radio system using SDR platforms.

A simulation of MIMO-OFDM STBC systems using GNU
Radio is shown in Fig.4.

Transmitter

The transmitter side contains data generation, channel
coding and OFDM modulation with STBC encoder.

1) Data generation
o Float to Char (in-built): Convert input stream of floats
to a stream of char

page - 372-



Gauri Pandit al. International Journal of Recent Research Aspects ISSN: 2349-7688, Vol. 5, Issue 1,

March 2018,

373
pp. 370-376

Wav File Source
File: ...s/designs/handel.wav
Repeat: Yes

Throttle

Sample Rate: 64k Constant: 128

Multiply Const |—|

Stream to Tagged Stream
Packet Length: 32
Length Tag Key: packet_len

|— Float To Char
q Scale: 1

s

OFDM MIMO Receiver
FFT Length: 512
Occupied Tones: 200

MIMO Channel

Frequency Offset: 0

Channel Decoding
Constellation: 1+1]...], 1-1j
FDM Args: /usr/l...102_16.fsm

Key Filter:
Display: On

Char To Float
Scale: 1

Multiply Const
Constant: 7.8125m

Interpolation: 4

OFDM MIMO Transmitter
Preambles #0: [0, .0, 0, 0]
Preambles #1: [0, ...0, 0, 0]
FFT Length: 512

Channel Coding
FDM Args: /usr/l...1o2_16.fsm
n: 2
kil

Audio Sink
Sample Rate: 32KHz

Figure 4. MIMO-OFDM system using GNU Radio

Stream to tagged stream (in-built): A tagged stream
block is a block that works on streamed but packetized
input data. Tagged stream blocks use tags to identify
PDU boundaries.

2) Channel coding (fig. 5)

Stream CRC32 (in-built): Input: stream of bytes,
which form a packet. The first byte of the packet has a
tag with key "length™ and the value being the number
of bytes in the packet. Output: The same bytes as
incoming, but trailing a CRC32 of the packet. The tag
is re-set to the new length.

Re-pack bits (in-built): Repack k bits from the input
stream onto | bits of the output stream

Trellis encoder (in-built): trellis conventional encoder

Stream CRC32
Mode: Generate CRC
Length tag name: packet_len

Packed: Yes
Il Pad Sink
Label: out

Figure 5. Channel encoding using GNU Radio

Repack Bits
Bits per input byte: &
Bits per output byte: 1

Trellis Encoder
FSM Args: fusr/l. 102 16.fsm
Initial State: 0

Y

Repack Bits
Bits per input byte: 2
Bits per output byte: &

3) OFDM MIMO transmitter (fig. 6)

OFDM mapper (modified): it takes a string of bits
belonging to a packet and maps to a vector of complex
constellation points suitable for IFFT input, divided in
proper number of OFDM symbols.

Alamouti OFDM encoder (new)[23]: STBC coding
using Alamouti code is done for compatibility with
MIMO channels using channel response.
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OFDM insert preamble (in-built): it inserts a number
of OFDM. symbols™ of predetermined constellation
points at the beginning of each packet and tags the first
one as the first piece of the packet

FFT (in-built): it computes reverse FFT

OFDM cyclic prefix (in-built): it adds a cyclic prefix
before each piece of packet.

ot Mapper
o e B
e Caries 0 [y ==
FFT Length: 512
F; e [
e | FFT Size: 512 OFDM Cyclic Prefixer
orom nsert preamble
: ForuardReverse: Reverse FET Lengti: 512 martply Const _
H F"I:u:ﬂ-n;m | gy [mepiil oy Pt 1 conetane: 136719m
k] reamble: Shift: Yes Length Tag Key: packet_len
& Num. Threads: 1 _—
2~
ea
0z
il
H
<E
e R
< FFT Size: 512 OFDM Cyclic Prefixer
b Fornererecfor | Lot 2 o] _Prtoety comst _
‘Window: [1 for i in range]. CP Length: 125 Constant: 13.6719m
St e Lot Tog Ko packet Jen
. Theeads: 1 oo el

Figure 6. OFDM transmitter with STBC encoder using GNU
Radio
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ii. MIMO channel (fig. 7)

2X2 MIMO scheme is implemented here using channel
model block in GNU Radio software.

Channel Model

Noise Voltage: 0

Frequency Offset: 0 oy

Epsilon: 1

Taps: 500m+700m)
0

Channel Model
Noise Voltage: 0

Pad Sink o7
Label: outl

A 4

Frequency Offset: 0
Epsilon: 1
Taps: 400m +300m]
Seed: 1
Channel Model
Noise Voltage: 0
Frequency Offset: 0
L Epsilon: 1
Add Bl Taps: B00m +100m|
Label: outd L Seed: 2
-
Channel Model
Noise Voltage: 0
Frequency Offset: 0
Epsilon: 1
Taps: 300m-+700m;
Seed: 3

Figure 7. MIMO channels
iii. Receiver
The receiver side contains OFDM demodulation with

STBC decoder along with digital demodulation and channel
decoding.

4) OFDM MIMO receiver (fig. 8)
e  OFDM demapper (modified): FFT is performed at
the receiver’s end
e Alamouti OFDM dencoder (new): STBC decoding is
done in this block.

Multiply

FFT Filter FT

=
FFT Size: 512

Forvard Virtual Sink
Windows: [L for i in range... Stream ID: ANTL
shin:

: Yes
Num. Threads: 1

Virtual Sink
Stream ID: Sync

¥

Frequency Mod
Sensitivity: -3.00625m

Schmidl & Cox OFDM synch.

Forward/Reverse: Forward Virtual Sink
-l window: 11 ot inronel Stream ID: ANT2
Shift: Yes
Null Sink
Vec Length: 512

1 cyciic Preix length: 128

FFT Filter

n
1
E‘ 3
8§~

OFDM Sampler
FFT Length: 512 B

- 640
Timeout: 1k

Virtual Seurce
Stream ID: Sync

Alamouti Ofdm Decoder Virtual Sink
Virtual Source Oceupied Carriers: 200 ©Ofdm Demapper Stream ID: Symbols
Stream ID: ANTL Fit Length: 512 - 200

cPLen: 128 L~
p— [ sn ]
Stream ID: ANT2

Constellation Decoder

n: n r Unpack K Bits Pack K Bits
Constellation Object: ..=3)> K:2 K:8

Tagged Stream Multiply Length Tag
Length tag names: packet_len
[[] tength scatar: 250m

Virtual Source
Stream ID: Symbols.

Figure 8. OFDM receiver with STBC decoder using GNU
Radio

5) Channel decoding (fig. 9)
e  Chunks to symbols (in-built): convert chunks of data
into symbols as a input to viterbi decoder
e Viterbi combo (in-built): viterbi decoder is used as a
decoder for trellis coding

© 2018 [JRAA All Rights Reserved

Viterbi Combo
FSM Args: /usi/l...102_16.fsm

Block Size: 40
Chunks to 5 bol:
unks to Symbols Initial State: -1

Symboi Tale: 1+11..11. 1-1 [l 1700 =
Dimension: 1 :

Repack Bits
Bits per input byte: &
Bits per output byte: 2

Pad Source
Label: in

\d

1
Consteliation: 1+1]..]. 1.1]
Metric Type: Hard Symbol

Stream CRC32

Maode: Check CRC Repack Bits

- Bits per input byte: 1
Length tag name: packet len 4 z
Packed: Yes Bits per output byte: 8

Pad Sink
Label: out

Figure 9. Channel decoding using GNU Radio

B. Implementation using USRP

In this paper two USRP 1 devices, two laptops and log
periodic antennas. The USRPs used are bus series USRPs from
Ettus Research, model name B200 and B210 as an interface
between laptop and antennas. Each laptop is using Live USB
environment to work on GNU Radio simulation platform. Log
periodic antennas are used for real time transmission of MIMO-
OFDM system. The complete system setup is shown in figure
10.

Figure 10. Transmitter implemented using USRP

Feb 9,201

Figure 10. Receiver implemented using USRP

IV. RESULTS

The required parameters for simulation/implementation
purpose and their values are listed in table 2. Here, the FFT
length is kept 512 which give the best output with trial and
error approach.

Parameters Values
FFT length 512
Occupied tones 200
CP length 128
N¢ 2
N, 2

Table 2. Simulation parameters
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The received signal is shown along with its FFT plot,
waterfall and constellation diagram (fig. 11, 12, 13, 14

respectively).

Scope Plot

Counts
o

75 7.65625 7.8125 7.96875 8.125 8.28125
Time (ms)

8.4375

8.59375

Figure 11. Received time domain signal without noise

FFT Plot

Frequency: 12.8113kHz
90 Power: 96.7105
FFT: 54,7668

-30 -20 -10 0 10
Frequency (kHz)

20

Figure 12. FFT plot of the received signal

Waterfall Plot

-30 20 -10 0 10 20
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0d8

-12d8
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-37d8

-50d8
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-75d8
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Figure 13. Waterfall for the received signal

Constellation Plot

0.5

o

Quadrature

-0.5

# Inphase: 1.71538
Quadrature: -0.575

-2 -1.5 &l -0.5 o 0.5 1
Inphase

15

2

Figure 14. Constellation plot for the received signal
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V. CONCLUSION AND FUTURE WORK

2X2 MIMO OFDM system using STBC is successfully
simulated on GNU Radio platform for file and audio reception.
An OFDM system is implemented on USRP bus series using
GNU radio software for real-time end to end communication.
In conclusion, the radio parameters such as modulation, FFT
bin and power used should be carefully chosen to achieve
optimum performance of communication.

The next step of the research will be implementing MIMO
OFDM for different MIMO schemes using GNU Radio and
USRP network series which has the flexibility of LO
synchronization as MIMO cable is used.
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