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In the last 20 years mainstream opto-electronics was driven by 2 goals:

— Increase transmission data rate based on 2 level modulation (recently PAM4 is
being considered, 4 levels)

— Reduce cost of transmitters
= The above objectives were achieved at the expense of:

— Optical links noise floor - Typical digital links operate at > 30dB above the
electronics shot noise limit.

— Linearity - In order to achieve lower cost modulation for two level states, linearity
was not a priority, because it was compensated with limiting amplifiers.

» |n contrast, wireless transmissions have taken the approach to use the
spectrum as efficiently as possible and apply high order modulation, lower
data rates and densely spaced carriers. This requires low noise and high
linearity from the link components.

= Therefore, in order to carry wireless signals in fiber the options are:
— High linearity, low noise optical components (APIC’s solution)

— Convert to digital using oversampling, inefficient data rate payload, added latency
and back conversion to RF as implemented by CPRI

_ .l he ontimal solution for f
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What is “Fronthaul?” =Y 1)/

= DR P OR ATIOMN

By Ludék Hrusak, CC BY-SA 3.0

Fronthaul: In a classic cell tower there is a base transceiver station
(BTS) adjacent to the tower. The BTS is contained in an enclosure
which requires significant power for radio amplifiers and environmental
conditioning. To improve network efficiency the BTS has been split
between the remote radio head (RRH) at the antenna and the baseband
unit (BBU) which is located further away from the antenna.

The RRH and the BBU communicate through a “fronthaul” link currently
using Common Public Radio Interface (CPRI) or Open Base Station

Architecture Initiative (OBSAI) standards. Fronthaul
: \
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https://commons.wikimedia.org/w/index.php?curid=2708935

Fronthaul Link with
Direct Transmission of 5G RF over Fiber
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Instead of digitizing the RF signal (as in CPRI or OBSAI) transport the RF signal in its
native OFDM form via light through fiber — Direct Transmission of RF over Fiber (RFoF)
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Proposed solution: direct transmission of high order modulated RF signals over fiber
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Technical Requirements for High Fidelity DI
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Overview:
RFoF Link
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Block diagram of a directly modulated RFoF link for 50 MHz to 6 GHz RF

« Ultra low noise lasers that operate at shot noise levels, below -160 dB

» Highly linear lasers; light intensity is directly proportional to drive current

* Highly linear photo detectors; output current is directly proportional to light
intensity

* Highly efficient/responsive photo detectors; above 0.9 responsivity

e Link must have a high dynamic range, above 112 dBHz?3

e Link must have a high IIP3; = 36 dBm

* Impedance matched devices; optical transceivers have a 50 Q interface
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Ultra Low Noise Lasers =y 1/[
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* The single greatest contributor of noise | aser RIN
in lasers is the Relative Intensity Noise \
(RIN). y — CTOL R S
 Low RIN is achieved by — RIN (Syston) = -1SE-Tr-durm:
 Proprietary EPI wafer design and Shot Nolse Tern = -136.34 dB/Hs

laser structure L -10
« High thermal conductivity away '
from the laser
» |solation of intrinsic electronic

AR ~
AHEPL E

noise
* Elimination of back reflections into  papesumasn ot eipmpeoidaat
the laser

» Benefits of Ultra Low RIN: |
e Laser noise floor is at or below 6 1.0 |
i - i i Laser RIN (noise) of -170 dB
shot noise Ie\(el no contribution I i S A
from laser noise
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Highly Linear Lasers
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= Light intensity is directly proportional to drive current over the operating

range

» Side modes are suppressed by > 55 dB

Laser power versus bias current
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Laser output vs Frequency showing no side
lobes

= The benefit of highly linear laser is the undistorted translation of an electrical
RF signal into an optical RF signal; preserves phase, amplitude and does

not create inter-modulation products.
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Directly Modulated Laser Gain and
Linearity Tradeoffs
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Highly Linear/Responsive

Photodetectors
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Responsivity = 0.9; nearly all light energy converted to electrical energy
High Linearity; Output Current directly proportional to received light intensity
The benefit of highly linear PD is the undistorted translation of an optical RF

signal into an electrical RF signal; preserves phase, amplitude and
minimizes the creation of harmonics or inter-modulation products.

APIC fabricated photodiode.
At 10 GHz linear photocurrent 70mA
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Link Linearity Requirements =yr/[
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e Link must have a high dynamic range, above 112 dBHz2/3
* Link must have a high I1P3 of 36 dBm

OFDM signals contain multiple closely 100
separated frequency carriers. If the v=8.1478y-97.437
response of the link is nonlinear third order P
inter-modulation products will be generated . SEEEN
that fall: %130 -50 /r/// 50 100
« Within the channel frequency band leading g | y-0s87an-1og7s 50
to direct EVM increase - R
« Just outside of the frequency band leading § 0y IMD3
to ACLR increase and increase of EVM of fs _linear (Fundamental)
the adjacent channels _Linear (IMD3)
Therefore, RFoF links require highest 200 |
possible 11P3 point R Power (dEm)

IIP3 measurement for the RFoF link at 1 GHz.
Similar results were measured at 3 GHz.
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Impedance Matching Transceivers =V [

Issue:

— Lasers have an intrinsic impedance on the order of 4 Q.

— Photodiodes have output impedance > 2k Q.

— Standard interface for RF connectors/components is 50 Q.
Common and cheap solution is to add a 40-45 Q resistor in series with
the laser

— Improves the impedance matching, but makes a high RF loss link

— Close to 90% of the RF energy is converted to heat in the resistor

— Added heat negatively impacts the laser performance/linearity

APIC’s uses a proprietary solution to increase the RF coupling into the
laser and achieve.

— Higher RF link gain
— No signal distortion
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Impact of Opto-Electronic Tx/Rx on High

Order Modulated OFDM Signals

Pl
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Transmltter galn /1 Ms2830A

* Laser slope efficiency
» Packaging efficiency
» Transmission loss

999.000 000 00 MHz

Reference Level -19.00dBm RMS 1001 points

Transmitter linearity

® Laser epi design
* Laser structure design
* Thermal management

j “‘I‘Jlff'\"\*fw‘h'|1*‘“1"d"W'ﬂ“f‘h"“Wﬁﬁ\-""‘ﬁ"%lr-"ﬂﬁ""*ﬂ*‘1}"\"“)‘1

"w"“l%l‘Lwlﬂ‘wﬁ‘l"“”"‘H"‘\%"“W‘WVI'AH\FW‘N’I'”W\J‘ ;

Transmitter RIN* oo INMCRIRR] o L e R
(noise floor reduction) Start 950 OMHz _
Adjacent Channel Power ( Carrier-1) - Offset Ch Power

* Laser epi design Carrier-1
Offset Freq (MHz) BW (MHz)

Stop 1.060 0GHz

2649 dBm18.02MHz

. dBc | dBm dBc | dBm

° Laser StrUCture deS|gn 20.000 000 18.015 00 L1 4822 ( 7471) WA 4785 { -74.34)
. Injected current 40.000 000 18.015 00 L2 4826 ( 7475) Uz 48.41 7490 )
» Packaging (feedback

isolation)

LTE Downlink

@ RBW 100kHz | @ ATT 4dB
45.20 aem SwT o

Receiver gain
 Chip responsivity
» Packaging efficiency

Receiver linearity

® Type of PD design (UTC*
offers much better linearity)
* Epi design

» To achieve high dynamic range of operation, gain needs to be increased and RIN
minimized. This increases the range from the top and bottom ends.

* To achieve maximum ACLR, as low as possible third order inter-modulation is
required. This is dominated by the transmitter nonlinearity, specified by I1P3.

*RIN = Relative Intensity Noise
APIC Corporation Proprietary Information - 2017
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Initial Testing Validates Directly |
Transmitted RF over Fiber Technology AN

Anritsu MS2830A 6GHz Signal analyzer with: 6GHz Vector Signhal Generator; bandwidth
extension to 125MHz; software modules for LTE-Advanced 1Q Producer; Vector Modulation
Analysis; and LTE-Advanced FDD Downlink Measurement.

—

1l
!

DM Transmitter 25 km SMF-28 25 km SMF-28 20 km SMF-28
DC-5 GHz

Photo Detector

* For all testing we use E-UTRA Downlink Test Model 3.1 (E-TM3.1) with 64QAM

modulation, initially with a single 20 MHz carrier and then with 5 aggregated 20MHz
carriers for 1L00MHz transmission bandwidth.
* Performance metrics:
« Total EVM (rms) < 8%
« ACP (ACLR) = -44.2 dBm.
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Test Summary:

Single 20 MHz Channel e
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= One 20 MHz, 64QAM OFDM signal transmitted over 25 km of fiber
= 3GPPLTEACLR Spec:<-44.2dBm + 3GPP LTE EVM Spec: < 8%

/1 ms2830A -0 /1 ms2s30a _[ol

MKR ~ @ RBW  100kHz | @ ATT Carrier Freg. 1000000000 Hz  Input Level 3300 dBm  Trigger SG Marker
1 998.800 000 00 MHz -39.84 aBm SWT

Test Model E-TM3.1 ATT 4 dB Delay 0.000 ps
Reference Level -19.00¢Bm 1001 points Channel Bandwidth 20MHz
-18.0 Result Measuring
MKR Q
1 RE i
HM' 'r'lr"|“%||‘!fn'.h1" Ill“"ll‘ Subcarrier 0
1

Symbol 1

Frequency Error 0.16 Hz
0.000 ppm
QOutput Power -21.82 dBm
Mean Power 2182 dBm
Physical Channel - Total EVM (rms) 072 %
PDSCH
Subfi o Total EVM (peak) 242 %
R;' fame Ij‘ Symbol Number [
| N Subcarrier Number 1179
0.45529 Origin Offset 5423 dB

_ y ‘ ‘
i |'||MW L||l'l'l-’ﬂ""‘]r"1|«i\""‘]ﬂ“fb“\h.IJnp,I"\f“"l"liﬁl\uw'ﬁ""*ﬂip 'qllﬁ"lm'“ ﬂ‘ﬁ‘4|h| wW"‘1”lV”f’ﬂ*'\i'fl|1J-lQf“4w1If"\V|‘r‘i‘rﬂ\\fp‘"p".l'r"'w*"#-“‘}'"“'fﬂﬁ}'ﬂﬂ'w“’“‘ Q@ o4eatt Time Offset 6123762.0 ns
EVM vs RB

1080 MKR Subframe 0 PDSCH Modulation G4QAM
-11a0 L2 uz Resource Block 0 PDSCH Power 0.005 dB 52567 dBm

PDSCH EVM (rms | peak) 073% | 473 %
Start 950.0MHz Stop 1.050 0GHz PDSCH EVM [%]

Adjacent Channel Power ( Carrier-1) - Offset Ch Power
Carrier-1 2156 dBmi18.02MHz

Offset Freq (MHz) BW (MHz) dBc | dBm dBc [/ dBm
20.000 000 18.016 00 L1 4581 H737) WM 48.06 £7.61)
40.000 000 18.016 00 L2 -46.15 ( H7.71) U2 48.43 £7.99)

Resource Block

LTE Downlink Ref.Int Pre-Amp Off

Measured ACLR is -45.81 dBc Measured EVM is 0.72%
Full report is available at http://www.apichip.com/rfof-5-Ite-advanced-carriers-70km/
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Test Summary:

Five aggregated 20 MHz Channels
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= 5x 20 MHz, 64QAM OFDM signals transmitted over 50 km of fiber

= 3GPP LTE ACLR Spec: £-44.2 dBm

« 3GPP LTE EVM Spec: < 8%

VA RTEEETY Spectrum Analyzer{3GLTE Downlink) =0

999.000 000 00 MHz 4249 qgm Do 100z BATT - ddB

Reference Level -19.00dBm RMS 1001 points
| i
5 i
1 1
H 1

o Y rllF""!‘hw"-.«.h‘Wﬂ*‘*f" T b fﬂ“ﬂ""‘”"*" ki

L« e

h

-109.0

-119.0

Start 950.0MHz
Adjacent Channel Power ( Carrier-1 ) - Offset Ch Power
Carrier-1 2261 dBm/18.02MHz
Offset Freq (MHz) BW (MHz) dBc | dBm dBc | dBm
10.000 000 1.800 000 L1 31.01 ( £362) W 3376 ( £6.37 )
30.000 000 1.800 000 L2 3234 ( $495) U2 3372 ( £6.33 )

Stop 1.050 0GHz

5

LTE Downlink

5 Adjacent 20 MHz Channels

/1 MS2830A I =]
Carrier Freq. 1000 000 000 Hz Input Level 3300 dBm  Trigger SG Marker
Test Model E-TM3.1 ATT 4 dB Delay 0.000 ps

Channel Bandwidth 20MHz

Result Measuring
MKR
RE 1]

Suhcarrier 0

Frequency Error 1.28 Hz
0.001 ppm
Qutput Power -20.41 dBm
Mean Power -23.06 dBm
Total EVM (rms) 258 %
Total EVM {peak) 8.09 %
Symbol Number 13
Subcarrier Number 1182
Origin Offset 4529 dB
Time Offset 62469795 ns

Symbol 1

Physical Channel
PDSCH

Subframe 0
RB o

I 046452
@ 046677

EVMvs RB

MKR Subframe
Resource Block

PDSCH Modulation 64QAM
PDSCH Power 0040 dB  £53.855 dBm

PDSCHEVM (rms { peak) 278% | 19870%
PDSCH EVM [%]

500

Resource Block
Ref.Int Pre-Amp Off

Measured EVM is 2.58%

Full report is available at http://www.apichip.com/rfof-5-Ite-advanced-carriers-70km/
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For More Information

Refer to the APIC website:
www.apichip.com

APIC

www.apichip.com

Additional information on the direct transport of 4&5G

Radio signals over fiber:
http://www.apichip.com/5qg-c-ran-fronthaul/

-

Follow APIC on LinkedIn: in

For Business and sales contact Bob Walter directly at:
walter@apichip.com

For technical guestions contact Anguel Nikolov at:
Nikolov@apichip.com
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