
metal layer and are realized in octagonal forms for minimizing

resistive losses. Figure 3 shows the chip photo of the fabricated

CR-LNA with a chip area of 0.59 mm2 including all testing

pads. Note that the 15-pF capacitor (C3) is implemented by an

array of capacitors, and it consumes about 120 3 180 lm2 chip

area.

The CR-LNA consumes 5.5 mW from a 1.3-V supply volt-

age, and undesired parasitics of pads and interconnections are

removed by a de-embedding procedure. The measurement

results of S-parameters and NF is shown in Figure 4(a). The

good agreement between measured and simulated results is also

observed. The measured small signal gain (|S21|) and NF is 20.4

and 3.7 dB at 10.7 GHz, respectively. Moreover, the measured

input return loss (|S11|) and output return loss (|S22|) is about 11

and 18 dB at 10.7 GHz. Figure 4(b) shows the measured input

P1dB and the third-order nonlinearity (IIP3) of the CR-LNA.

One tone at 10.7 GHz was applied to the input P1dB measure-

ment, and two tones were applied to the IIP3 measurement with

equal power level at 10.7 and 10.8 GHz. The measured input

P1dB and IIP3 is 232 and 218.3 dBm. Table 1 summarizes

previously reported 18-lm CMOS LNAs at X-band, and this

work demonstrates the highest gain performance with the lowest

power consumption.

4. CONCLUSION

In this article, a novel design of the X-band CR-LNA with high-

gain performance and low-power consumption is presented. The

CR-LNA has successfully implemented, measured, and verified

with superior performances. The gain enhancement is realized

by the three CS cascade amplifiers, and the power consumption

is economized by the CR topology. Compared to previously

reported 0.18-lm CMOS LNAs at X-band, the presented design

achieves the highest gain performance while maintains the low-

est power consumption. It is convinced that the proposed design

methodology reveals great potentials for X-band radar or other

wireless communication applications.
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ABSTRACT: We present an eight-port homodyne receiver implemented
in free space technology for detection of weak coherent states that carry

binary information. For transmitted power economy, we use suppressed-
carrier modulation, therefore, we have implemented an optical Costas-

loop-type carrier synchronizer. We obtain the quasiprobability Q function
from the in-phase and quadrature observables that are simultaneously
measured. Statistical results for the quadrature components are presented.

We perform measurements for the bit error rate and the mutual informa-
tion between transmitter–receiver. The results show that the proposed
setup is suitable in quantum communications and continuous variable

quantum key distribution systems. VC 2013 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 55:2431–2437, 2013; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27844

Key words: Q function measurement; weak coherent states; quantum
key distribution; eight-port homodyne detector; optical Costas loop

TABLE 1 Comparison of X-band LNAs in 0.18-mm CMOS

Ref.

fo
(GHz)

PDC

(mW)

Gain

(dB)

R.L.

(dB)

NF

(dB)

Pin-1dB

(dBm)

IIP3

(dBm)

Gain

(dB)/mW

Chip

area (mm2) Architecture

[2] 10.8 17.6 9 >10 2.5 12.5 14.1 0.51 0.46 Cascode parallel resonant

[3] 9 15 16.5 >7 4.5 215 NA 1.1 0.38 Cascode with

gain-enhanced inductor

[4] 9 19.6 12.2 >5 3.7 28.7 NA 0.62 0.9 Folded cascode

[7] 10 13.7 10 >10 4.5 215 26 0.73 0.8 Dual FET single stage

[8] 11 50.4 12 >15 3.5 28.5 5 0.24 0.48 Cascade two stage

This

Work

10.7 5.5 20.4 >11 3.7 232 218.3 3.7 0.59 Cascade CR
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1. INTRODUCTION

In the current world with globalized economy, confidential and

secure communications are mandatory. Therefore, several

research centers have increased their efforts to produce techno-

logical advances, capable to offer increasing security levels for

the information to be transmitted [1,2]. One of such technolo-

gies is the quantum cryptography, based for instance on the

Bennet–Brassard protocol proposed in 1984, and usually referred

as BB84 [3]. This protocol makes use of quantum mechanics

principles such as quantum demolition measurements, and the

noncloning theorem, for the transmission of the cryptographic

key, referred as quantum key distribution (QKD). This scheme

does not depend on computational algorithms, but on the quan-

tum properties of the photons used for the key distribution,

offering unconditional security. Among some proposals for the

QKD receivers, there is the one based in photon counters; where

the information is transmitted by manipulation of a single pho-

ton’s properties, which implies the use of single-photon sources

and detectors; however, this detectors exhibit low quantum effi-

ciency at the telecommunications wavelengths, besides working

in Geiger mode requiring quenching; as a result the detector is

limited to data rates up to 8 Mbps [4–6], which is a very low

speed as compared to the requirements of present and future

networks.

Other proposed techniques for the QKD make use of effi-

cient modulation systems such as phase shift keying (PSK) on

continuous variables (CV) with homodyne balanced detection

[7–9]. In this article, we present a modulation and detection sys-

tem for a CV system with weak-coherent-states (WCS), as an

alternative to a single photon source systems. We first measure

the quasiprobability function of the received field and then, we

proceed to the detection of its quadratures. In this setup, we use

a strong local oscillator (LO) and at the receiver system, PIN

balanced photo detectors are used, these detectors present high

quantum efficiency at room temperature at the wavelengths used

in current optical communications networks [10], so this pro-

posal presents the capability of higher QKD rates. Our systems

consist of an eight-port homodyne receiver, therefore, the zero-

point fluctuation noise is considered at each, eventually used,

receiver input to take into account the excess of noise due to

the simultaneous quadrature measurement of the optical field.

For transmitted power economy, we use suppressed carrier mod-

ulation, so we had to implement an optical Costas loop-type

subsystem in order to phase-lock both the signal and the LO

phases.

The system is implemented in a free-space scheme at the

1550-nm wavelength used in telecommunication systems. The

cryptographic symbol rate is 350 kbps with a suppressed-carrier

binary phase shift keying modulation scheme (BPSK). The

received signals are statistically postprocessed in order to show

that this setup has the ability to discriminate the electric levels

for the logical “1”s and “0”s, down to an average signal level of

0.25 photon per bit. We measure the quasiprobability Q function

of the received field directly, we measure the uncertainty rela-

tionship for the quadratures I and Q measured and experimen-

tally verify that it complies with the relationship for the

simultaneous quadratures measurement of the optical field. The

bit error rate (BER) and the mutual information (I) between

Alice and Bob (IAB) are finally obtained.

2. THEORY

Figure 1 shows the block diagram of our eight-port hybrid set-

up where the optical signals ELO (LO) and Esig (WCS-signal)

carrying the transmitter data are mixed. Both noise free signals

are described classically below by Eqs. (1) and (2), respectively.

Esig 5
ffiffiffiffiffiffiffiffi
Psig

p
ej xct1hð Þ; (1)

ELO 5
ffiffiffiffiffiffiffiffiffi
PLO

p
ejxLO t; (2)

where Psig is the information signal power, h is the relative

modulated phase signal, PLO is the LO power, xc is the angular

frequency of the data signal, and xLO is the angular frequency

of the LO signal. In this setup, the frequencies of the signal and

LO at the input of the homodyne receiver are identical as we

use a homodyne configuration. Esig and ELO are introduced into

the eight-port system and are mixed in an optical beam splitter

(BS); therefore, the output signal power can be expressed as:

P tð Þ5 1

2
jEsig 1ELO j2: (3)

The beat signal is split in its two orthogonal linear compo-

nents through polarized beam splitters (PBS). In this way, it is

possible to detect the in-phase (I) (at the first balanced homo-

dyne detector: BHD1) and the quadrature (Q) components (at

the second balanced homodyne detector: BHD2). In both quad-

ratures there exist both the classical term (average value of the

observable) and the quantum term (random fluctuations around

the average) that are described through the photon number in

the Eqs. (4) and (5), where N̂ is the quantum number operator

[11]

I5N̂ InPhase 1DN̂ InPhase (4)

Q5N̂Quadrature 1DN̂Quadrature (5)

where hN̂i and hDN̂i are the average signal photon number and

the average photon number fluctuations, respectively.

In our scheme, we used linear polarization at 45� for the sig-

nal field and circular polarization for the LO, therefore, the LO

beats with the I component at the BHD1 and with the Q

Figure 1 Block diagram of the eight-port hybrid for simultaneous

measurement of the quadratures of optical field in free space with weak

coherent states. BHD1: Balanced photo detector 1, BHD2: Balanced

photo detector 2, PBS: Polarized beam splitter, NPBS: Non polarized

beam splitter
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component at the BHD2. Taking into account Eqs. (1) through

(3), and the responsivity R of the balanced photoreceiver, the

current iph produced can be found, for each BHD as

iph I
tð Þ52R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Psig PLO

p
cos h tð Þ1Dhð Þ; (6)

iph Q
tð Þ52R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Psig PLO

p
sin h tð Þ1Dhð Þ (7)

which represent the electric current produced by the impinging

photon flows and can be directly linked to the received optical

power. As the system has a homodyne configuration, the meas-

ured variations will depend only on the phase difference

between the LO and the BPSK data signal. Dh is the phase dif-

ference between Esig and ELO , which will be forced to zero by

our optical-Costas-loop.

From the expressions of I and Q, it is possible to calculate

the quasiprobability distribution of the observables according to

the Q function equation as follows: First the Wigner quasiprob-

ability distribution for a coherent state signal [Eq. (8)] is con-

volved with a Gaussian distribution that represents the vacuum

state [12], to yield the quasiprobability (Husimi) Q function

[Eq. (9)]:

W I;Qð Þ5 1

p
e 2 I2I0ð Þ22 Q2Q0ð Þ½ �2 (8)

Q I;Qð Þ5 1

2p
e 21

2
I2I0ð Þ221

2
Q2Q0ð Þ½ �2 (9)

where I2I0ð Þ is the coherent quantum state of the observable

Ið Þ displaced from the vacuum state I0ð Þ.
As it is known, the results from measurements are not

100% efficient, as in the case of our setup where we have an

overall quantum efficiency g 5 0.7, as we will discuss in sec-

tion 3.

In our system, with BPSK modulation and simultaneous

quadrature measurement, the signal to noise ratio (SNR) and the

BER can be expressed as a function of the photon number by

the Eqs. (10) and (11):

SNR5
hN̂ InPhase i2

hN̂2

InPhase i
52N (10)

BER5
1

2
erfc

ffiffiffiffi
N
p

(11)

where N is the average photon number per bit [13–15] and erfc
is the complementary error function. Equations (10) and (11)

correspond to the simultaneous quadrature measurement, for

which the SNR doubles with respect to the single quadrature

measurement (with single BHD detection), where we have,

Figure 2 Experimental set up of the eight-port homodyne receiver with the feedback system based on the Costas loop with BPSK modulation for

WCS in free space and balanced photodetection. ECL: External cavity laser, PM: Phase modulator, PC: Polarization controller, NPBS: Non polarized

beam splitter, PBS: Polarized beam splitter, HWP: Half wave plate, QWP: Quarter wave plate, ND: Neutral density filter, BHD: Balanced homodyne

detector, PZT: Piezoelectric, MPL: Multiplier, M: Mirror, ATT: Attenuator

Figure 3 Histograms for the logical levels 1’s and 0’s of the received

data (I), for N 5 1 photon average per bit

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 55, No. 10, October 2013 2433



respectively, SNR54N and BER5 1
2

erfc
ffiffiffiffiffiffi
2N
p

[13]. Now, coming

back to our case of simultaneous quadrature measurement, the

probability density distribution for this signal is calculated

through the following Eqs. (12) and (13):

Pe Ið Þ5
ffiffiffiffiffiffi
1

2p

r
exp

21

2
N̂ InPhase 1DN̂ InPhase

� �2
	 


(12)

Pe Qð Þ5
ffiffiffiffiffiffi
1

2p

r
exp

21

2
N̂Quadrature 1DN̂Quadrature

� �2
	 


(13)

In a communication system, the most important aim is to

approach the channel capacity, that is the maximization of the

mutual information between Alice and Bob (IAB ), therefore, its

calculation was done using the Shannon’s equation [Eq. (14)]

[15] for three conditions (a) ideal conditions (a lossless system),

(b) theoretical conditions (taking into account the coupling

losses, and attenuations that give us a 0.7 efficiency) and finally,

(c) calculations with the experimental data results. In this

experiment with BPSK modulation, the signal in-phase quadra-

ture (I) constitutes the output signal with the received data,

whereas the quadrature signal Q provides the required feedback

loop signal in the system. For the IAB , we only considered the

error probability Pe Ið Þ of the data in the in-phase observable (I).Figure 4 Histograms for the logical level 1’s and 0’s of the received

data (I), for N 5 0.25 photon average per bit

Figure 5 Results for 1 photon per bit. (a) Quasiprobability distribution Q function expression using the raw data, (b) reconstructed quasiprobability

distribution using the mean and variance obtained from the raw data, (c) contour lines using the raw data, and (d) contour lines from the reconstructed

distribution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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IAB 511Pe Ið Þlog 2Pe Ið Þ1 12Pe Ið Þð Þlog 2 12Pe Ið Þð Þ (14)

As it is shown in the Figure 1, in this experiment the observ-

ables I and Q were measured simultaneously, so that there are

two unused ports from where the vacuum noise enters into the

system. As a result, there is an increase in the quantum noise

(compared to a single quadrature or a commuted quadratures

scheme) which is reflected as a fluctuation of DI5DQ5hm. The

uncertainty relationship for this case is represented according to

Eq. (15)

hI2ihQ2i � 1 (15)

3. EXPERIMENTAL SETUP

As it is shown in Figure 2, the experimental setup consists of a

free space eight-port interferometer, where we use an external

cavity laser tuned to a 1550.1-nm wavelength. This laser is used

both as the carrier for the data, and the LO in order to operate

in an stabilization free self-homodyne configuration, thus simpli-

fying the automatic frequency control, leaving only the optical

phase lock to be implemented. A pseudorandom data sequence

at 350 Kbps is generated and used to drive the electro-optical

phase modulator PM1 in order to get the optical BSPK

modulation.

In this setup, it is required to have well-defined polarization

states that allow the detection of the conjugate variables at the

BHD’s. After setting the state of polarization of the modulated

beam at a linear 45� polarization, the beam is attenuated by 120

dB through a set of calibrated neutral density filters in order to

produce a quantum level signal, that is an optical beam power

equivalent to 1 photon per bit duration; which in our case corre-

sponds to a 45-fW signal power. This weak coherent signal is

fed to the eight-port system. The LO signal (with a 2-mW

power level) travels to a second phase modulator that will be

used to control the relative LO phase in a feedback loop (Costas

loop) to maintain the eight-port interferometer in-phase lock.

Then a k/4 polarizer (quarter wave plate) is used to produce a

circular polarization state.

At the eight-port inputs, the LO and the weak power modu-

lated beams are combined through a nonpolarized beam splitter,

then the combined signals emerging from the BS are split in

their vertical and horizontal components, using PBS. The vac-

uum noises enter in the system through the used and unused

ports of the PBSs.

The vertical and horizontal optical fields impinge on the bal-

anced homodyne detectors (BHD1 and BHD2), respectively.

The electrical signals of the BHD’s that correspond to the I and

Q signals are simultaneously measured and they are postpro-

cessed. The I and Q signals will be used to generate the

Figure 6 Results for 0.25 photon per bit. (a) Quasiprobability distribution Q function expression using the raw data (b) reconstructed quasiprobability

distribution using the mean and variance obtained from the raw data, (c) contour lines using the raw data, and (d) contour lines from the reconstructed

distribution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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required error signals for the Costas loop that will enable phase

locking between the data signal and the LO.

For information-carrying signals, a precise phase lock

between the signal and the LO is required. As we are using an

interferometric scheme we do not have a true optical voltage

controlled oscillator (VCO) to get such phase lock; however, we

implemented an “equivalent” optical VCO by means of the LO

signal and an optical phase modulator driven by a signal

obtained from processing the I and Q signals. Therefore, there is

no need for a learning synchronizing sequence or residual car-

rier, which is of utmost importance in synchronous quantum

communications and synchronous quantum cryptography. Our

overall quantum efficiency is �0.7 due to optical losses and

residual spatial mode mismatch between the signal and the LO.

4. EXPERIMENTAL RESULTS

Several measurements of I and Q quadratures for the WCS sig-

nals were made; for a data signal field with 0.25, 0.5, 1, 2, 3, 4,

and 5 average photons per bit, modulated in BPSK with a pseu-

dorandom data sequence. The histograms in Figures 3 and 4

show the distribution for the logical 1 and 0, obtained after a

postdetection processing, for N 5 1 and N 5 0.25, respectively.

Figure 3 (1 average photon per bit), shows the statistical dis-

tribution of the measured data for the voltage produced by the

logical levels 1 and 0, received in the BHD, there is a small

overlapping zone, allowing a clear discrimination between the

two logical levels. However, in Figure 4 (N 5 0.25 average pho-

tons per bit duration), the overlapping between the symbols

probability curves surpasses the first standard deviation, as a

result we have an increase in the BER.

Figures 5 and 6 show the measured quasiprobability distribu-

tions and the contour lines for the experimental data for the

case of 1 and 0.25 photons, respectively, for both the raw data

(a and c) and the reconstructed distribution with the mean and

variance obtained from the raw data (b and d). In the case of

the contour line graphs, there is a slight asymmetry in one of

the probability distributions; we attribute this to a slight unbal-

ance in the input of the photo detectors, and/or due to the asym-

metric modulation at the transmitter.

Figure 7 shows the value of the standard deviation of the

probability distribution of the quadratures as a function of pho-

ton number for the following cases: (a) measurement of the sin-

gle quadrature, (b) simultaneous measurement of quadratures,

(c) theoretical result for our setup with efficiency g 5 0.7, (d)

experimental results with efficiency g 5 0.7. Figure 8 shows the

graph of the corresponding uncertainty relationship for

hI2ihQ2i > 1.

Figure 7 1/e width of distribution as a function of the photon number

for (a) single quadrature measurements, (b) simultaneous quadratures

measurements, (c) theoretical results for our setup with efficiency of

g 5 0.7 y, and (d) experimental results with efficiency of g 5 0.7

Figure 8 Uncertainty relationship for the quadratures I and Q as a

function of the photon number

Figure 9 BER for different photons number, (a) Helstrom limit, (b)

Standard quantum limit, (c) ideal experimental conditions, (d) theoretical

conditions with g 5 0.7, and (e) measured data
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In Figure 9, the theoretical and experimental BER results are

compared, showing in general a good agreement, for our effi-

ciency of 0.7. The Helstrom and standard quantum limits are

also included for comparison [16].

Based on the measured BER, it is possible to calculate the

mutual information achievable between Alice and Bob. The

mutual information is calculated with the measured data. Figure

10 shows the mutual information results as compared with the

theoretical values for 0.7 efficiency.

5. CONCLUSION

We report the theory and experimental demonstration of an

eight-port optical hybrid receiver for high sensitivity detection

of weak coherent signals, using a Costas loop-type synchronizer

in order to perform measurements with information-carrying

fields.

Our system allows the direct measurement of the quantum

quasiprobability Q function as the two fields quadratures are

measured simultaneously. The direct measurement of the quasi-

probability function is interesting as compared to the standard

tomography: although the latter yields the Wigner distribution, it

requires the sweeping of the LO phase. Our system yields the Q

function directly including the unavoidable additional noise due

the simultaneous quadrature measurement, which is of interest

for information-carrying fields.

The required phase lock is provided by the processing of the

suppressed carrier WCS itself, therefore, there is no need for

references for synchronization or residual carrier, which is of

great importance in low-cost communications and in quantum

cryptography.

Our system works with binary PSK modulation but it can be

easily generalized to provide Q function measurement for

higher-order modulation formats. Our experimental setup exhib-

its an acceptable optical efficiency and our BER, mutual infor-

mation and uncertainty measurements are close to the predicted

theoretical results.

The simultaneous quadrature measurement in our system is

based on a polarization splitting of the signal in order to sepa-

rate its quadratures, beating with a circularly polarized LO, thus

providing the 0� and 90� references in a very stable setup with

no need for compensation.

Finally, our system uses uncooled, high bandwidth and low

cost standard PIN detectors, which is of great interest in quan-

tum communications and quantum cryptography with CV oper-

ating at telecommunications wavelengths.
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Figure 10 Mutual information between Alice and Bob for different

values of photon number experiment, (a) Helstrom limit, (b) standard

quantum limit, (c) ideal experimental conditions, (d) theoretical condi-

tions with g 5 0.7, and (e) measured data
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