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The Study of All-Digital Compensation
for 1/Q Mismatch with Frequency Dependent Imbalance
in MIMO-OFDM Baseband Designs

Student : Wei-Chi Lai Advisor : Terng-Yin Hsu

Department of Computer Science and Information Engineering,
National Chiao Tung University

Abstract

A direct-conversion receiver (DCR)-architecture becomes a trend in industry and
academic world nowadays because it is'small;"cheap and less power-consuming. This kind
of architecture, however, accompanies with some.radio-frequency (RF) imperfections such
as the direct current (DC) offset, frequency offset, inphase/quadrature (1/Q) imbalance, and
etc. In this thesis, it focuses on the topic of the RF impairment of frequency dependent 1/Q

imbalance.

To achieve satisfactory performance in analog 1/Q (inphase/quadrature) processing
based wireless receivers, the matching of amplitudes and phases of the | and Q branches
becomes vital. In this thesis, a novel baseband 1/Q estimation and compensation technique
is proposed to overcome the frequency dependent 1/Q imbalance in MIMO-OFDM systems.
The proposed method uses a one-shot algorithm which is able to estimate and compensate
the non-ideal effect up to gain error 2 dB, phase error 20 degree, and the low pass filter of

the real part is [1 0.1], the low pass filter of the image part is [0.1 1].
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CHAPTER 1
INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is a kind of spectrally efficient
signaling technique for communications over frequency selective fading channels [1], [2].
MIMO-OFDM is one of the promising technologies satisfying the need for high throughput.
Orthogonal frequency division multiplexing (OFDM) possesses the ability to resist
multipath channel by simple frequency-domain equalizer; thus, it has been adopted by
many transmission systems, e.g., IEEE802.11a/g based WLAN systems [3], [4], digital
audio broadcasting (DAB) [5], and digital video broadcasting terrestrial TV (DVB-T) [6].
Unfortunately, OFDM systems are sensitive to imperfect synchronization and non-ideal
front-end effects, causing serious system perfarmance degradation. One of the key effects
coming from non-ideal RF circuit-is 1/Q imbalance, which is due to the gain and phase
mismatch between in-phase (I) and guadrature-phase. (Q) paths. More specifically, it occurs
when the difference of the phase in | and Q;channels from local oscillator is not exactly 90
degree and the gain is not the same. In this thesis, we propose a novel one-shot frequency
domain technique for calibrate frequency dependent 1/Q imbalance in MIMO-OFDM
systems.

Multiple-input multiple-output (MIMO) makes use of multiple transmitter and multiple
receiver antennas to transmit independent data streams simultaneously for increasing
diversity and spectral efficiency. Consequently, the combination of MIMO and OFDM s
widely discussed in recent years and has been used by some wireless broadband systems
such as IEEE 802.11n [7] and IEEE.802.16a.

In fact, there are tons of literatures focusing on the problem of 1/Q imbalance and the
compensation scheme; see [9]-[24] and references therein. However, most of them put
emphasis on frequency-independent 1/Q imbalance, and only a few of them [9], [12]-[17]
provide compensation schemes for frequency-dependent 1/Q imbalance, which is much
more complicated. Based on the assumption that desired signal and image interference are

statistically independent, some methods make use of the blind source separation techniques
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to extract the desired signal [9][12][18][19]. However, the finite training sequences used to
estimate the coefficients for compensation do not always satisfy the assumption. Therefore,
decision-directed methods are usually needed for these algorithms to adaptively converge
the desired solutions. Some other adaptive compensation methods, such as [20], also
encounter the same difficulty. Then, [16] deriving an adaptive MMSE solution and 1/Q
mismatch cancellation in frequency domain for MIMO-OFDM systems. It independently
calculates the coefficients of detection and compensation for each subcarrier, but the
coefficients of neighboring subcarriers are highly correlated. Accordingly, we should take
account of this property to improve speed of convergence.

On the other hand, some researchers develop the compensation algorithms by means of
the training symbols known by the receiver in advance, like [21]-[24]. Reference [21]
analyzes the frequency-dependent 1/Q imbalance in the presence of frequency-offset. Still,
some restrictions on the training sequence exist and a finite impulse response (FIR) filter is
adopted to correct the frequency-dependent I/Q mismatch. Truly, a FIR filter is not suitable
for OFDM systems because it increases the reffective channel length experienced by
transmitted signal. If the effective channel length-is larger than the guard interval (GI), we
have to show the great concern -about the 'inter-symbol interference (ISI) which is a
troublesome issue in OFDM systems. Then; -speaking of Reference [22], it only discusses
frequency-independent 1/Q imbalance problem on the basis of channel smoothness criterion.
Moreover, both [21] and [22] ignore the mnaise contribution when they analyze these RF
imperfections, and it doesn’t conform to the real case. Different from [21] and [22],
assuming the noise at receiver is an additive white Gaussian noise (AWGN), references [23]
[24] propose techniques that jointly estimates the 1/Q imbalance and other RF impairments
based on the maximum likelihood (ML) criterion. However, the joint estimators of [23][24]
are only for the frequency-independent I/Q mismatch and can not be directly applied to
MIMO-OFDM systems.

In order to maintain and realize system with imperfect RF distortions, we major focus
on “how to calibrate the frequency dependent 1/Q imbalance accuracy”. Table 1-1 shows
the state of the art of the I/Q-M problem in OFDM system. And in this thesis, the proposed
algorithm using the long training field preamble in MIMO-OFDM packet format is
developed to overcome frequency dependent I/Q-M. From simulation results, it is shown
that the proposed scheme make a high performance receiver possible in the condition of

frequency dependent I/Q-M.



Ref. | Description Note

[13]| Pilot-based nonlinear least squares (NLS) Complexity of FIR (tap: 5~7 ) is high
frequency estimator
[16] [ Adaptive MMSE solution Need more data symbol to training 1Q parameter,
and tolerance less gain error and phase error..
[17]| Least-Squares Equalization & It must design a specially patterned pilot
Adaptive Equalization sequence or special training symbol , NOT

compatible with standard

Table 1-1 The State of The Art

The remainder of this thesis is organized as follows. Chapter 2 describes the
MIMO-OFDM system model. Chapter 3 describes the general 1/Q Imbalance Model. Then
a novel algorithm for compensating for frequency dependent I/Q-M is developed in Chapter
4. The simulation results are shown in Chapter 5. Proposed hardware architecture is in
Chapter 6. Finally, this thesis is concluded:in:Chapter 7 And reference is in the last part of

this thesis.



CHAPTER 2
SYSTEM MoDEL OF MIMO-OFDM

The MIMO-OFDM system supports BPSK ~ QPSK ~ 16-QAM - 64-QAM four kinds of
modulation, FEC supports 1/2 ~ 2/3 ~ 3/4 ~ 5/6 four kinds of coding rate > and it can uses 2x2

or 4x4 antennas to transmit data. Before data transmitted, the data must go through
Alamouti STBC ( Space Time Block Code ) encoding. After that, data go through OFDM

modulation, and using IFFT to transfer frequency domain data to time domain signal. In
each OFDM symbol, each symbol has 64 subcarriers , and 52 of them are data carrier, 4 of
them are pilot carrier, others are null carrier. In receiver, first step, it uses FFT to transfer
received signal to frequency domain data. Second step, equalizer will compensate channel
effect then combine two stream data into original by Alamouti Decoder. The MIMO basic
architecture is as Figure 2-1 and:the Alamouti STBC“( Space Time Block Code) is as
Figure 2-2.The basic MIMO-OFDM transmitter/and receiver is as Figure 2-3 and Figure
2-4 [7]. And Figure 2-5 shows the used system channel model. In this thesis, we will focus

on the I/Q mismatch, and the general I/Q model will be introduced in next section in detail.

Bit Interleaver

Hi1
| >< L
—»IFFT T » —>
Infom_atim STBEC j \(\'\7’ K Dermodulator Deinterleaver | Decoded

¥ Encoder/ = Eqelizer /Decoder | Bifs

Figure 2-1 MIMO Basic Architecture
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CHAPTER 3
GENERAL I/Q IMBALANCED MODEL

A generalized block-diagram of an 1/Q signal processing based quadrature receiver [9] is
presented in Figure 3-1.The I/Q imbalance caused by the LO can be characterized by an
amplitude mismatch g = (1+¢&) and a phase error 8. Following the LO are mixers, amplifiers,
LPFs and A/D converters which in general cause the frequency dependent I/Q imbalance. And

we represent the 1/Q baseband signal paths by two mismatched LPFs (with frequency responses

of H,(f) and H(f) ,respectively) [9]. The local oscillator signal X ,(t) of an

imbalanced quadrature demodulator is here modeled as:

Xio (t) =l (t) + jQLO (t)
=cos(2z f.t)— jgsin(2zf t+6)
— Kle—j27rfct + KzejZﬂ'fCt

=K, z(t) + K,z (t) (31)

Where g = (1+¢) and &€ represent the demodulator amplitude and phase imbalances,

respectively (ideally g=1and &€ =0). The mismatch coefficients K, and K, in(3-1)

are given by
K,=[1+ge ’]1/2 (3-2a)
K, =[1-ge"]/2 (3-2b)



proof :

cos(2mf)— jgsin(2rf1+6) = %(e_“"”f" + e/ } + 1

= %{lJrge'ﬁ Je 2 mH —%[1—

2

=]

[ —i(2xf=8) JlArfe=8)
{ e & L e I J

G'Q"l.t; ;le_,l'l'.'fr.r

From [9], to analyze the effect of branch mismatches, the signal after through LPFs, and

Fourier transforms, we can get

RBB(f): IBB(f)+jQBB(f)

= 1o (F)H, (1) + JQ (T)Ho (1)

(33)

Res (f) represents the received data in the baseband as in Fig.3-1 .After some

manipulations, the result of ( 3-3 ) can be wrritten in.a more convenient form as

Rea () =a(f)Z(1)+p(1)27(=1)

Where

Z(1)

S

90°+ 6

v
—>®—>>L LPF

Figure 3-1 MIMO-OFDM I/Q System Model.

a(f)=[H,(f)+Hy(f)ge 172

B(f)=[H,(f)-Hy(f)ge]/2

I o(t) =cos(2xf.t)

LPF

»

ADC

les (1)

(34)

( 3-5a)

(3-5b)

H, ()

QL (t) =—(1+¢)sin2z .t +6)

»

ADC

1+¢ Ho (t)

8

Qus(t)

RBB (t)
—

Baseband




In ( 3-4), the term relative to Z (—f) is caused by the imbalances and represents the

image aliasing effect. Notice that the basic imbalance model used in [10]-[11] is a special

case of ( 3-4 ) for which H,(f)=H,(f). And because the front-end processing cannot

sufficiently attenuate the image band signal and some kind of compensation is needed.
Following figures show how the frequency independent 1/Q-M and frequency
dependent 1/Q-M affect the channel frequency response in the condition of No Multipath,
and No AWGN. In Figure 3-2 and Figure 3-3, it shows the amplitude and phase of the
channel frequency response under the condition of frequency-independent 1/Q-M of gain

error 1dB, phase error 20",

ees 148, 20°
Channel Frequency Response of Independent IQ deal
12 : ‘ : : | = deal
- L N U T T L .

1151 %

Amplitude

| | | I |
10 20 30 40 50 60
Subcarriers

Figure 3-2 Amplitude of C.F.R. of Gain Error 1dB, Phase Error 20°

Channel Frequency Response of Frequcny Independent IQ

LEEE] 1dB 200
= |deal

AAELEEAREANLINNT

- =
02 = 23
H

Phase

H "
-0.25F = H

03f & i
:

-
03E E I

L

. T I LI
ALY o
R

CL LT ]

oal 31050

-0.45
0

I I I I I
10 20 30 40 50 60
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Figure 3-3 Phase of C.F.R. of Gain Error 1dB, Phase Error 20°



In Figure 3-4 and Figure 3-5, it shows the amplitude and phase of the channel frequency
response under the condition of frequency dependent 1/Q-M of gain error 1dB, phase
error 20°, h,(t) =[10.1], h,(t) =[0.11].

Channel Frequency Response of Frequency Dependent IQ
15 : T T T T

== 1dB 20°;H|=[1 0.1] HQ=[O.1 1]

141 = |deal T

1.3+

B
12F
H

.,

H
11f «
.

Amplitude
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0.9r

0.8

-
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searrrzil
)

o
L H : |
06 Pl

0.5 I I I I I
0 10 20 30 40 50 60

Subcarriers

Figure 3-4 Amplitude-of C.ER. of "h (t). ={1 0.1], h,(t) =[0.11],

Gain Erron1dB, Phase Error 20°

Channel Frequency Response of Frequency Dependent IQ
T T

3 T T :
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Figure 3-5 Phase of C.FR. of h,(t) =[10.1], hy(t) =[0.11],

Gain Error 1dB, Phase Error 20°
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CHAPTER 4
ESTIMATION FOR FREQUENCY DEPENDENT I/Q

IMBALANCE

In MIMO-OFDM system, the packet format is as Figure 4-1. The legacy long training
OFDM symbol is identical to the 802.11a long training OFDM symbol [7]. And the L-LTF
is the same in each antenna. The HT-LTFs are transmitted after the HT-STF. For any PPDU,
there must be at least as many HT-LTFs as spatial streams in the HT Data portion of the
PPDU. The first HT-LTF consists of two Long Training Symbols (LTS) as in 802.11a/g
and a regular guard interval of 0.8 ps;giving a total length of 7.2ps. Following second and
all subsequent HT-LTFs each consist of a single HT-LLTS with a regular guard interval of
0.8 us, giving a total length of 4pus. And the HT-LTF is tone interleaved across antennas,
the 56 tones are partitioned across-the -antenna-array -during each OFDM symbol. Tone
partitioning into sets for 20MHz is shown in-Table 4-1. At each OFDM symbol interval,
each set of tones maps to one transmit antenna. And over time, all sets get mapped to an
antenna. An example of tone interleaving across 4 transmit antennas is shown in Figure 4-2

[7]. And Figure 4-3 shows the HT-LTF tone interleaving across 2 spatial streams.

LENGTH | MCS | Advanced | Sounding | Number | Short GI | Scrambler | 20/40| crc | Tail
12bits | 6bits | coding packet HT-LTF Init 1 bit | 8bits 6 bits
1hit | Lbit 2bits | 1bit | 2bits it
Legacy PLCP Header
RATE| Reseve | LENGTH | Parity | Tail | - PSDU Tail Pad
4bits | 1bit | 12bits | Lbit | 6bits 6bits | Bits
______________ Coded OFDM Coded OFDM Coded MIMO-OFDM
----- BPSK, =112 BPSK, = /2 Using RATE.X indicated in SIGNAL.X
20MHz or L-STF L-LTF L-SIG HT-SIG HT-STF HT-LTF HT-LTF ) DATAXL TxAnt.1
40MHz 8us 8us 4us sus 24us 7.2 - Aus Variable Number of OFDM Symbols
L-STF L-LTF L-SIG HT-SIG HT-STF HT-LTF || HT-LTF DATA X2 TxAnt.2
8us 8us 4us 8us 24us 7.2us us Variable Nurber of OFDM Symbols
L-STF L-LTF LSIG HT-SIG HT-STF HT-LTF HT-LTF ) DATAXN TXANEN,,
8us 8us 4us 8us 24us 7208 ™ 4us Varigble Number of OFDM Symbols

v

Shaded fields transmitted as CDD (optional)

Figure 4-1 MIMO-OFDM Packet Format
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Nss Set0 Set1 Set 2 Set 3
1 J-28:1:-1] [L:1:+28]
2 [-28:2:-2] [2:2:28] | [-27:2:-1] [1:2:27]
3 [-28:3:-1] [2:3:26] | [-27:3:-3] [3:3:27] | [-26:3:-2] [1:3:28]
4 [-28:4:-4] [1:4:25] | [-27:4:-3] [2:4:26] | [-26:4:-2] [3:4:27]  |[-25:4:-2] [4:4:28]

Table 4-1 Tone partitioning into sets for 20MHz (56 tones)

HT-LTF HT-LTF HT-LTF HT-LTF
0 1 2 3
SS 0 Set 0 Set 3 Set 2 Set 1
SS1 Set 1 Set.0 Set 3 Set 2
SS2 Set 2 Set1 Set 0 Set 3
SS3 Set 3 Set 2 Set 1 Set 0
>
time

Figure 4-2 HT-LTF tone interleaving across 4 spatial streams

time
Set0 | Setl | Tx1
Setl | Set0 | Tx2

time _
Rx1 1 | Rx1 2
Rx2 1 | Rx2 2

Figure 4-3 HT-LTF tone interleaving across 2 spatial streams
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From Figure 4-1 ~ Figure 4-3, we can get the Set0 and Setl in 2x2 system.

- setO0=[0 0 -1 01 01 0 -1 0 1 0 1 0 ..]

-~ Setl=[0 -1 0 -1 0-10-1 0 1 0 -1 0 -1 ..]

Because the data of Set0 and Setl intersects, we can get the channel frequency response
by interpolating the received data. And because the HT-LTF is tone interleaved across
antennas, channel frequency response for each channel can be estimated by using the
interpolating the received HT-LTF. Taking 2x2 system for example, these channel
frequency response H,(f) ~ H,(f) ~ H,(f) ~ H,(f) can be estimated.( H,. (f)
means the estimating channel frequency response of Ty, transmitter antenna to Ry, receiver
antenna ).From equation ( 3-4 ), the data affected by 1/Q imbalance will be attenuated by its
mirror part. In HT-LTF and L-LTF, there exit.some pairs in which the quotient of data
and its mirror part data is +1, and in:others.positions, their quotients are -1. Taking 2x2
systems for example, we can find some. pairs Which their quotient in HT-LTF is +1, and in
L-LTF, in the same pair’s positions, their quatient is -1.

In HT-LTF, the quotient of some: pairs is +1, we can estimate the channel frequency

response H,,(f) ~ H,(f) ~ H,(f) ~ H,(f) ‘from these pairs position as following.

Hyy(f)=a,(F)H, () + A (F)HL(-T) (4-1a)
Hy, (1) = (F)H(F) + A ()M (1) (4-1b)
Ho(F) =, (F)H(F)+ B, (F)H, (=) (4-1c)
Hyo ()=, (F)H,,(F)+ B, (F)H, (- ) (4-1d)

Where ¢« (f) and S(f) means the 1/Q-M coefficients in receiver one;
a,(f)and g,(f) means the 1/Q-M coefficients in receiver two. And H,(f) ~ H,(f) ~

H,,(f) ~ H,,(f) represent the real channel frequency response.

In L-LTF, in the same pair’s positions, their quotient is -1. The L-LTF part in receiver
one is as following.

13



R(f)=ay(f){Hu(FIL-LTF(f)+H,,(f)L-LTF(f)}
+A4,(F){Hyy (- F)L-LTF (= f ) + Hy, (- )L-LTF (- ) (4-2)

And because the L-LTF are all real number, L-LTF (f)=L-LTF(f). After some

rearrangement, equation ( 4-2 ) will become:

Ri(f) =y (F)H, (F)L-LTR(F) + B, (F)H,, (- f)L-LTR(- )
+ay (F)Hy, (F)L-LTF(F)+ B(f)H, (- f)L-LTR(-f) (4-3)

And because L-LTF(—f)=-1xL-LTF(f), equation ( 4-3) can be written as

R(f)=a,(f)H, (f)L-LTR(f)+ B(f)H,, (- f)[L-LTF(f)—2L-LTF(f)]
+oy (F)H, (F)L-LTR(f) + B(f)H, (- F)[L-LTF(f)—2L-LTF(f)]

(4-4)
Substituting equation ( 4-1a) and ( 4-1h ) into equation ( 4-4 ), it will become...
R(f)=L-LTF(f)H,,(f) +L-LTR(FHL(T)
—2,(F)L-LTF(f)[ Hyy (- )+ HL, (=) ] (4-5)

From equation ( 4-3 ) , and knowing L-LTF(f)=-1xL-LTF(—f) , getting the

following..

R(f) = (f)H, (F)[L-LTR(—f)—2L-LTF(—f)]+ B,(f)H (- f)L-LTF(-f)
+on (F)H, (F)[L-LTR(=f) = 2L-LTF(- )]+ B, (f)H, (- f)L-LTR(—f)

(4-6)
Substituting equation ( 4-1a) and ( 4-1b ) into equation ( 4-6 ), it will become...
R,(f)=L-LTF(=f)H,,(f)+L-LTF(=f)H,,(f)
~20, (F)L-LTF(=f)[Hy, () +Hy, ()] (47)
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After some rearrangement and making whole equation conjugate, equation ( 4-7 )

becomes:

R (=)= L-LTF (f)H, (- f) +L-LTF (f)H,, (- f)

205 (— F)L-LTF (F) [ Hiy (- F) + HE, (- 1) | (4-8)

From equation ( 4-5 ) and ( 4-8 ), and L-LTF (f)=L-LTF(f), we can get the

following...

L) _ Rl(f)—L-LTF(f){?n(f)—L-LTF(f)ﬁP(f)
a (=) R (-f)-L-LTF(/)H,(-f)-L-LIF()H,,(— 1)

(4-9)

And we can also find some pairs which their quotient in HT-LTF is -1, and in same
pair’s positions in L-LTF, their quotient is +1. Follow the same method, we can find the

equation below:

) _  R()-LLTR(OH, ()= L-LTF()H,, ()
& (=f) R (=/)+L-LTF(=/)H, (=N+LLTF=H, (=)  (4-10)

From equation ( 4-9 ) and ( 4-10 ), there are 24 ratios of % in the receiver one in
o, (—

MIMO 2x2 systems of 20MHz. And by interpolating the 24 ratios, we can get the all ratios

of 56 subcarriers of a symbol. After getting these 56 ratios, we can compensate the data of

receiver one in frequency domain by the following equation.

Zl(f): al*(_f)Rl(f)_ﬂl(f)Rl*(_f)

ACLACIEVACHVACED (4-11)
In the Receiver two, we can also take the same methods to get the 56 ratios of %
to compensate for the frequency dependent I/Q-M in receiver two.
2 (1= BEDR(D - ADR()
a,(N)e;(~1) = B,(N) B (1) (12)
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Above equation from ( 4-1a) to (4-12) is the case of 2x2 MIMO-OFDM systems in 20
MHz, we can also apply these one-shot method to solve the frequency dependent 1/Q-M in
MIMO-OFDM 4x4 systems. And following Figure 4-4 is the flow chart of the proposed

algorithm.

Yes

L-LTF(—f) =—1x L-LTF(f) { L-LTF(—f)=L-LTF(f)
HT-LTF(-f) = HT-LTF(f) < > HT-LTF(-f) = —1x HT-LTF(f)

\ A Y

Calculate Calculated CFR Calculate
A(f) = & B(f)
a'(-f) Received L_LTF a’(-f)

— Y
Interpolate the 24 ratios to

56 ratios .
5 Interpolation

Y

Target )
ot

Figure 4-4 Flow Chart of Proposed Algorithm
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CHAPTER 5
SIMULATION RESULT AND PERFORMANCE

To evaluate the proposed algorithm, a typical MIMO-OFDM system based on IEEE
P802.11 W.ireless LANs, TGn Sync Proposal Technical Specification is used as a
reference-design platform. The parameters used in the simulation platform are “The length
of OFDM symbol is 64 and cyclic prefix is 16”. A satisfactory accuracy can usually be
reached if enough data samples are used to calculate the estimate from the long training
symbols. As a result, the proposed method uses high throughput long training field symbols

and legacy long training field symbols to measure the frequency dependent 1/Q-M.

The simulation result below is based on following conditions:
® 2x2 MIMO-OFDM systems in 20MHhz.
PSDU is 1024. bytes

® MCS is 13 (modulation is 64QAM;-coading rate is 2/3)
® Decoder using soft Viterbi decoder
® Multipath Model: TGnD, TGnE, TGnF, and the relative rms delay and Tap

number will be shown in Table 5-1 [25]

We set three kinds conditions of 1/Q Mismatch:

High 1/Q : gain error is 1dB, phase error is 20" in receiver 1; and
gain error is 2dB, phase error is 10" in receiver 2.
Low 1/Q : gain error is 1dB, phase error is 10° in receiver 1; and

gain error is 0.7dB, phase error is &8 in receiver 2.

Worst FDI (Frequency Dependent Imbalance):
The h,(t) represents the LPF in real part in time domain is [1 0.1]

The hy(t) represents the LPF in image part in time domain is [0.1 1]
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Mode rms delay spread Tap numbers
A 0ns 1
B 15 ns 2
C 30 ns 5
D 50 ns 8
E 100 ns 15
F 150 ns 22

Table 5-1 TGn Multipath Specifications

Following Figure 5-1 and Figure 5-2, it shows the amplitude and the phase of estimated
channel frequency response I—AI11 under frequency dependent I/Q-M ( h,(t) =[1 0.1],
ho(t)=[0.11], 1dB 20" ), No AWGN, No Mutipath.

16

T T
sen Hy before Compensation
— H11 after Compensation

1.4

ol TR

amplitude

o

© N
T .

e
@
T

o
=
T

0.2

I I | I I
0 10 20 30 40 50 60
subcarrier

Figure 5-1 Amplitude of C.FR.Hy, ( h, (t)=[10.1], h,(t)=[0.11],1dB 20" )

T T
“en H11 before Compensation
—Hyy after Compensation

-3

. . . . .
0 10 20 30 40 50 60
subcarrier

Figure 5-2 Phase of C.F.R. I:|11( h (t)=[10.1], hy(t)=[0.11], 1dB20")
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From the above two figures, it shows that the 1/Q-M has been calibrated, and the channel
frequency response left can be compensated by the Aloumouti equalizer easily.

Following Figure 5-3 and Figure 5-4 , it shows the amplitude and the phase of estimated
channel frequency response I—AI11 under frequency dependent I/Q-M ( h,(t) =[1 0.1],
hy(t)=[0.1 1], 1dB 20" ) , Mutipath: TGnE, No AWGN.

= H, before Compensaion
— H11 after Compensaion
H11 ideal

22

amplitude

60

subcarriers

Figure 5-3 Amplitude of.Channel Frequency Response ﬁll in TGnE

. H11 before Compensation
4 T T T — H11 after Compensation [
H11 ideal

T

phase

-10
0

I I I I I
10 20 30 40 50 60

subcarrier

Figure 5-4 Phase of Channel Frequency Response ﬁll in TgnE
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Following figure will show the whole system performance ( PER ) improved by the
proposed algorithms in all kinds of conditions. In Figure 5-5~ Figure 5-13, the multipath
condition is TGnD or TGnE, or TGnF, Low 1/Q or High 1/Q, it shows that , the proposed
algorithms can improve the system performance greatly when frequency dependent 1/Q-M

effect is serious.

TGN, Hy TGND, Hy,

! 2|

Figure 5-5 Amplitude of Channel-Frequency Response of TGnD

PER wg SNR, MCE13, TGnD, LowlQ

PER

TGnD, Lowl@, Comp
= TGnD, LowlQ WaorstFDI, Comp
= TGnD, Lowl@, Mo Comp

= TGnD, LowlQ WorstFDI, Mo Comp

Figure 5-6 PER vs SNR, MCS 13, TGnD, 1dB 10° and 0.7dB 8°
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PER vs SMNR, MCS13, TGnD, HighlQ

_______________________________________________________

== TGnD |deal, Comp

=0= TinD, HighlQ, Comp

== TGND, HighlQ, WorstFDI, Comp
sy TGND, HighlQ, Mo Comp

o ! =@ TnD, HighlQ, wWorstFDI, Mo Comp
] Hih Shl Sl e s S R P
R e e, A ,.k;o
i Ve, i i i
e N P T
. Y .
INSSSROUS UMMM SO WESUUSUUE SRR RSO ST S S
= 1 P L S
i i i i | ? | |
14 15 16 17 18 19 20 21 2 23
SNR

Figure 5-7 PER vs SNR, MCS 13, TGnD, 1dB 20° and 2dB 10°
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Figure 5-8 Amplitude of Channel Frequency Response of TGnE
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FPER vs SMNR, TGnE, LowlQ

i-| == TGnE, Ideal Comp
== TGnE, Lowl(, Comp

TGnE, LowlQ, WoaorstFDI, Comp
== TGRE, LowlQl, No Comp
=@ TGnE, LowlQ, WarstFDI, No Comp

PER

Figure 5-9 PER vs SNR, MCS 13, TGnE, 1dB 10° and 0.7dB 8°

(SRR oo R R CR Foemees demooe- s fomemne- s fomemnee
: H : | == TGHE, Ideal Comp
| == TFrE, HighlQ, Comp
TGnE, HighlQ, WorstFDI, Comp
== TFNnE, HighlQ, Mo Comp

0.7 - == TinE, HighlQ, WorstFDI, No Comp
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Figure 5-10 PER vs SNR, MCS 13, TGnE, 1dB 20° and 2dB 10°
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Figure 5-11 Amplitude of Channel Frequency Response of TGnF
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Figure 5-12 PER vs SNR, MCS 13, TGnF, 1dB 10° and 0.7dB 8°
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PER vs ENR, TGnF, HighlGl

=@= TGnF, Ideal Comp
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Figure 5-13 PER vs SNR,; MCS 13, TGnF, 1dB 20° and 2dB 10°
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CHAPTER 6
PROPOSED HARDWARE ARCHITECTURE

Below Figure 6-1 shows the block diagram of the proposed 1/Q estimator &
compensation. And following Figure 6-2 and Figure 6-3 are the IQ-Estimation and
IQ-Compensation block. And in Figure 6-4 and Figure 6-5, it shows the block architecture..
In this design, the critical module is the Complex Divider.

Data in ~— ToFEC
———> AFC =——b FFT _y  Aamoutl
—l Equalizer
IQ & Channel
Estimation
Estimated
IQ parameter
1Q o

Compensation

Figure 6-1 Block Diagram of the proposed 1/Q Estimator & Compensation
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——L-LTF FFT_OUT_I—
——L-LTF FFT_OUT_Q—
———CFR_OUT_I—
————CFR_OUT_Q—»
——IQ ESTI_ENABLE—

—CLK-»

—RST-»

IQ_ESTI

- IQ_ESTI_OUTL I—p

L |Q_ESTI_OUT1_ Q—»
- 1Q_ESTI_OUT2 |—»

- 1Q_ESTI_OUT2_ Q—

- 1Q_ESTI_FINISH—

Figure 6-2 Block of 1Q-Estimation

—IQ _ESTI_Parameterl |-
—IQ _ESTI_Parameterl Q-»

—IQ _ESTI_Parameter2 |-
—IQ ESTI_Parameter2 Q-

——FFT_OUT DATA |
—FFT_OUT _DATA Q—p|

—1Q COMP_ENABLE—p|
—CLK»
—RST-p|

IQ COMP

[—1Q COMP_DATA >
—1Q_COMP_DATA Q>
—1Q_COMP_FINISH—»>

Figure 6-3 Block of 1Q-Compensation
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Figure 6-4 Block Structure of 1/Q-Estimation.
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Figure 6-5 Block Structure of 1/Q-Compensation.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

This thesis has proposed a novel one-shot algorithm to estimate the frequency dependent
1/Q-M in MIMO-OFDM receivers. The proposed algorithm can uses two kinds of long
training symbols to estimate frequency dependent 1/Q-M in multipath environments. From
simulation results, the proposed algorithm can meet many system requirements to prevent
obvious performance loss under different frequency dependent 1/Q-M conditions.

Following Table 7-1 shows the comparison result with other methods

. §—3

= L

Effort

= :IP} g r‘\'";'t"-._. F'“-
Bl . =
Ref [13] Ref [16] Ref [17]
Nonlinear Least Squares MMSE & Least-Squares
Method (NLS) Frequency RLS adantive filter Equalization &
Estimator P Adaptive Equalization
Packstseljc‘rame Pilot-based Pilot-based Training symbol or Pilot
Consider
Filter Imbalance ? ves No ves
Computational High High High

Compatible for
IEEE. Standard ?

Yes, compatible with
IEEE. OFDM
specification

( for 1x1 system )

Yes, compatible with
IEEE. MIMO
Standard specification

No, they have special
design pilot or special
training symbols

Performance

Average SNR loss is
less 1dB (Channel
condition is not clear)

Improves within 2.5dB
('Need about 30-35
symbols for training )

Average SNR loss is
about 2~3dB ( Need
10~40 training symbols )

Table 7-1 Comparison with other Methods
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